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Phosphogypsum (PG, CaSO4⋅2H2O) is a waste by-product produced during the 
wet manufacturing phosphoric acid process. Phosphoric acid is manufactured by 
processing phosphate rock that contains relatively high concentrations of naturally 
occurring radioactive impurities which makes PG a radioactive material. PG also contains 
certain trace metals including As, Ba, Cd, Cr and Pb and radioactive contaminants such 
as Radium226 and Uranium238 that pose potential hazard to human health and the 
environment. According to USEPA, the current allowable disposal method for PG is 
stack piling. 
This research was focused on stabilizing PG with Portland Type II cement and 
Class C fly ash for use in marine environments. The specific objectives included the 
development of a PG briquette composition that under submerged conditions: 1) 
maintained physical integrity, 2) minimized dissolution of Ca2+, SO42-, Ra226 and toxic 
metal concentrations in saltwater, 3) possessed appropriate engineering properties for its 
potential as a fill material and 4) was economically feasible to fabricate.  
The 73%:25%:02%, 67%:30%:03%, 63%:35%:02% and 62%:35%:03% PG:Class 
C fly ash:Portland Type II cement composites showed promising results with no signs of 
degradation after 12-months of natural saltwater submergence. The leaching behavior of 
all the PG composites was found to be similar and the effective calcium and sulfate 
diffusion coefficients ranged 1.36 – 8.04×10-13 m2⋅s-1 and 2.96 – 7.20×10-13 m2⋅s-1, 
respectively. The Ra226 concentrations leached were observed to be safe, and ranged well 
below the current EPA regulation for the amount of Ra226 concentration in safe drinking 
water (5 pCi⋅L-1). The metal concentrations in the TCLP leachate were well below the 
 xiv
USEPA toxicity characteristics limits. The engineering properties test results indicated 
that the composite material could be classified as well-graded gravel or well-graded sand 
with little or no fines. The USCS classification would also qualify the PG briquettes as a 
potential fill material in embankment construction having excellent workability 
characteristics.  
The 73%:25%:02% PG:Class C fly ash:Portland Type II cement composite 
demonstrated the lowest production cost ($10.62 per ton for the year 2001 in Tampa, 
Florida) among the best four selected combinations. 
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Chapter 1: Global Introduction 
Phosphate rock minerals are the only significant global resources of phosphorus - 
an essential element for plant and animal nutrition (USGS, 2002). The United States is 
the world’s leading producer and consumer of phosphate rock and phosphate fertilizers 
(USGS, 2002). The phosphate industry uses about 90% of the mined phosphate rock to 
produce phosphate fertilizers; whereas, the remaining 10% is utilized to produce 
elemental phosphorus (P4) for products such as animal food, soft drinks, toothpastes and 
metal coatings etc (FIPR, 2001).  
New technologies are being developed worldwide for producing phosphoric acid 
(H3PO4) from phosphate rock. Each year in the United States, approximately 10 million 
metric tons of phosphoric acid is produced, with the majority of it (about 80%) used in 
the production of agricultural fertilizers (USEPA, 2002). Phosphoric acid can be 
produced by several different methods, namely: thermal, hydrochloric and nitric 
acidulation and the sulfuric acidulation (FIPR, 1987). The sulfuric acidulation of 
phosphate rock is most widely used and commonly known as the ‘wet process’.  
 While the wet process is economical, it results in the co-generation of 
phosphogypsum (PG, CaSO4·2H2O) at a phosphoric acid:PG ratio of 1:4.5-5.5 (USEPA, 
2002). Due to the sheer scale of the phosphoric acid production, a 1,000 metric ton per 
day phosphoric acid plant produces upwards of 5,500 metric tons per day of 
phosphogypsum (Fertilizer International, 2002). During the wet process, there is selective 
separation and concentration of radionuclides. About 80% of the Radium226 follows the 
phosphogypsum, while about 86% of the uranium and 70% of the thorium are found in 
the phosphoric acid. Typical radium concentrations in phosphogypsum stacks in the U.S. 
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fall within a range of 11 to 35 pCi·g-1 (S. Cohen and Associates, Inc., 1993). The typical 
radionuclide concentrations in PG along with corresponding half-lives as identified by 
USEPA are listed in Table 1.1.  
Table 1.1:  Radionuclide concentrations in phosphogypsum (after USEPA, 1993) 
 
Radionuclide Concentration (pCi·g-1) Half-Life (Yr) 
U238 6.0 4.9 × 109 
U234 6.2 2.4 × 105 
Th230 13.0 8.0 × 104 
Pb210 26.0 2.2 × 101 
Po210 26.0 3.78 × 10-1 
Ra226 33.0 1.622 × 103 
 
 The current EPA standard limit addressing the external exposure of radium 
present in the waste is 10 pCi·g-1 (USEPA, 2002). Therefore, owners and operators of the 
PG stacks must follow very specific operational requirements outlined in EPA 
regulations. Due to the potential radionuclide threat to human health, the current 
allowable disposal method for phosphogypsum is stack piling (Federal Register, 
December, 1989). PG can only be utilized for limited agricultural use and research or 
otherwise must be returned to mines or stored in stacks (USEPA, 2002).  
 1.1 Phosphoric Acid Production and Phosphogypsum Generation 
 
According to a mineral industry survey conducted in 2001, a total of fourteen 
phosphate rock producing mines were active nationwide (Table 1.2). In Florida alone, 
phosphate rock is mined and processed by four companies – Cargill Fertilizers, Inc., CF 
Industries, Inc., IMC Phosphates MP Inc., and PCS Phosphate Co., Inc. (USGS, 2001). 
Of these, IMC Phosphates MP Inc. has two wet process phosphoric acid (WPPA) 
production facilities in Louisiana. The Louisiana plants use phosphate rock from the 
company’s mines in Florida (IMC Global Inc., 2002).  
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Table 1.2:  Active phosphate rock mines in the United States in 2001 (after USGS, 2001) 
 
Owner Mine County and State 
Agrium, Inc. Rasmussen Ridge Caribou, ID. 
Astaris, LLC Dry Valley Caribou, ID. 
Cargill Fertilizer, Inc. Hookers Prairie Polk, FL. 
Cargill Fertilizer, Inc. South Fort Meade Polk, FL. 
CF Industries, Inc. South Pasture Hardee, FL. 
IMC Phosphates MP, Inc. Four Corners Hillsborough/Manatee, FL. 
IMC Phosphates MP, Inc. Fort Green Polk, FL. 
IMC Phosphates MP, Inc. Hopewell Hillsborough, FL. 
IMC Phosphates MP, Inc. Kingsford Polk/Hillsborough, FL. 
Monsanto Co. Enoch Valley Caribou, ID. 
PCS Phosphate Co., Inc. Swift Creek Hamilton, FL. 
PCS Phosphate Co., Inc. Aurora Beaufort, NC. 
SF Phosphates, Ltd. Co. Little Brush Creek Uintah, UT. 
J.R. Simplots Co. Smoky Canyon Caribou, ID. 
 
Phosphate ore contains one-third quartz sands, one-third clay minerals, and one-
third phosphate particles (USEPA, 1993). After the beneficiation of the phosphate ore, 
the phosphate rock is formed that further contains relatively high concentrations of 
naturally occurring radioactive impurities (radionuclides) including Radium226, 
Uranium238 and Thorium230 and trace metals such as, Arsenic, Barium, Cadmium, 
Chromium and Lead. Uranium in phosphate ores ranges in concentration from 20 to 300 
parts per millions (USEPA, 1993). Thorium is present in background amounts, ~1 to 5 
parts per millions. When the phosphate particles are beneficiated (i.e. separated from the 
rest of the ore), two types of wastes are produced: phosphatic clay slimes and sand 
tailings (Figure 1.1). The clay slimes contain 48% of the radionuclides in the host ore, the 
sand tailings contain 10%, and the remaining 42% is carried by the phosphate rock. 
Florida clay slimes contain a Ra226 concentration of about 45 pCi·g-1 (USEPA, 1993). The 
radioactivity of phosphate rock varies regionally, and within the same region the 
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1.1 indicates the schematic of a typical phosphate process showing how the phosphate ore 
is beneficiated for the production of the phosphate rock that undergoes chemical 
processing to form phosphoric acid and the phosphogypsum by-product.  
 
Figure 1.1: Schematic of the phosphate process (after USEPA, 1993) 
Phosphoric acid production in the United States follows the wet process method, 
whereby ground phosphate ore is reacted with sulfuric acid. The phosphate content of the 
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rock is converted by concentrated sulfuric acid to phosphoric acid, and a calcium sulfate 
by-product: 
                                  44342243 3CaSOPO2HSO3H)(POCa +→+                          (1.1) 
This by-product is filtered from the phosphoric acid and can exist in several 
different crystal forms, namely anhydrite (CaSO4), hemihydrate (CaSO4·0.5H2O) and 
dihydrate or phosphogypsum (PG, CaSO4·2H2O). The primary reaction for the dihydrate 
process is: 
    2HFO2H10CaSOPO6HO20HSO10H)(POFCa 244324264210 +⋅+→++           (1.2) 
Proportions of calcium and phosphate vary according to the source and grade of 
the phosphate rock (FIPR, 1987). During the dihydration process, leaching takes place 
that results in the crystallization of phosphogypsum (El-Shall, 2000). The slurry is 
filtered out after leaching and washed to separate the phosphoric acid from the 
phosphogypsum cake. 
Phosphogypsum contains trace metals such as Arsenic, Chromium, Copper, Zinc 
and Cadmium. May and Sweeney (1983) investigated nine PG stacks in Florida to study 
various physical and chemical characteristics. Results for this analysis showed that the 
trace elements were uniformly distributed within the PG stacks. The EPA extraction 
procedure was used to determine other metal contaminants in PG, and as a result, all 
toxic metals were found to be lower than USEPA maximum contaminant level. This 
research showed that contaminant leaching from the PG stacks was prevented as the trace 
elements and radium from the PG stacks were absorbed by the phosphogypsum. Hence 
the PG stacks are not hazardous toxic wastes as defined by the EPA criteria (May and 
Sweeney, 1983). 
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One of the main concerns of PG is the enriched amount of the radionuclide, 
Radium226 – the parent isotope of Radium222, which further decays to produce Radon gas 
(Rn222). Radon gas has a short half-life of 3.8 days and intense radiation capacity. Upon 
decay of the radon gas, alpha particles are emitted, which are known to cause significant 
damage to internal organs (USEPA, 2002). The USEPA, therefore, classified 
phosphogypsum as a “Technologically Enhanced Naturally Occurring Radioactive 
Material ” (TENORM) (USEPA, 2002).  
The phosphate industry is seeking methods to recover or remove the impurities in 
phosphogypsum that are threatening its useful potential (FIPR, 2001). The removal of 
radium to diminish the radium concentrations linked with phosphogypsum stacks may 
allow the PG to be used more effectively. It will help in reducing the environmental 
impact of land disposal, thereby eliminating the potential for further contamination of the 
groundwater (FIPR, 2001). Utilizing phosphogypsum is not only an engineering or 
scientific problem, but it also has economic and political considerations as well.  
Since the mid-eighties, the annual production rate of phosphogypsum has been in 
the range of 44 to 51 million metric tons per year. The total amount generated in the 
United States from 1910 to 1981 was about 8.5 billion metric tons (USEPA, 2002). 
Central Florida is one of the major phosphoric acid producing areas in which the 
phosphate industry generates about 32 million metric tons of phosphogypsum each year, 
and currently they have nearly one billion metric tons of phosphogypsum in stacks 
(USEPA, 2002). According to a 1989 survey, the phosphoric acid production industry 
consisted of 21 active facilities that used the wet acid production process. The majority of 
the 21 facilities were located in the southeast, twelve of which were in Florida, two in 
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Louisiana, and one in North Carolina. In the same year, a total of 63 phosphogypsum 
stacks were identified nationwide in 12 different states, but the majority, two-thirds, were 
in Florida, Texas, Illinois, and Louisiana. According to a survey conducted by USEPA in 
1989, the total surface area covered by phosphogypsum stacks was about 34 million 
square meters (USEPA, 2002).  
The United States Environmental Protection Agency issued a final rule in June 
1992 under the "National Emission Standards for Hazardous Air Pollutants" (NESHAP, 
40 CFR, Part 61) that, in addition to establishing rules for storage, both use and research 
involving phosphogypsum were severely restricted. The ruling banned the use of the 
material in agriculture unless the radium content was minimal, banned its use in road 
construction, and limited the amount that could be used in research. The material was 
simply to be stockpiled on the ground or placed into mine cuts. In a Background 
Information Document (USEPA, 1992), the EPA explained that their goal was to achieve 
a maximum lifetime risk of 1 in 10,000 (Federal Register, 1999). NESHAP recently 
modified the rule stating that around 700 to 7,000 pounds of PG may be used for indoor 
research and development, thereby, allowing researchers to efficiently develop more 
practical applications of PG.  
1.2 Potential Phosphogypsum Applications 
 
Fertilizer industries need to investigate effective and economical long-term 
solutions to minimize the space and environmental problems caused by the accumulation 
of PG stacks. Various alternatives for disposing of PG are being sought to decrease risks 
to humans and the environment, and to reduce the cost of storage. Stanley and Lloyd 
(1992) studied phosphogypsum stating “What a Waste! – Phosphogypsum Enriches the 
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Soil” and quoted that they have been trying to tell people about the benefits of PG for 
years as it has been proven to be a suitable amendment for many soil types and is an 
excellent fertilizer source of sulfur, calcium and phosphorous. According to their 
agricultural research utilizing PG, it also creates a more porous texture that soaks up 
rainfall. 
Aguado and Bolivar (1999) studied the Ra226 behavior in PG by developing a 
radiochemical method for Ra226 determination by alpha-particle spectrometry in 
environmental samples. The results of the method showed that PG contains Ra226 
concentrations 20 to 60 times higher than non-perturbated soils thereby raising an issue to 
study the behavior of Ra226 in the PG storage stacks and piles.  
In the past, countries such as France and Japan used phosphogypsum for 
construction of roadways and landfills and as a building material for houses. French 
research has focused on finding feasible methods of removing the radium impurities 
associated with phosphogypsum (FIPR, 2001). 
Fertilizer International (2002) published an article “Utilizing PG: How feasible?” 
concerning the reuse of phosphogypsum in building products where regulations permit 
and markets exist. Studies have shown that PG can be used as a cement retarder in 
constructing wallboard (plasterboard) that is essentially a thin layer of gypsum 
(approximately 1cm thick) sandwiched between two cardboard faces made for 
lightweight, non-load bearing partition walls and false ceilings (Smith, 2000). It can also 
be used to construct gypsum blocks, which are similar to wallboards except they are 
made in smaller and thicker squares without the cardboard encasement.  
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Ilic et al. (1998) studied the chemical characterization of PG for utilizing it in the 
production of Portland cement clinker. This research concluded that the PG could be 
successfully applied as a mineralizer in cement production, because with its addition, 
better composition of Portland cement clinker at the same sintering conditions could be 
obtained.  
Kowalska (2002) used specially treated and thermally modified phosphogypsum 
as filler for low-density polyethylene and polypropylene compositions. The research was 
intended to enhance the mechanical tensile properties of PG-filled polyolefin 
compositions to use them for talc- or whiting- filled compositions mainly applied as rigid 
floor coverings.  
Researchers at Louisiana State University are currently investigating methods for 
stabilizing PG (Guo et al., 1998, 1999; Rusch et al., 2001) for use in coastal areas. 
Several researches has been carried out on the stabilized phosphogypsum composite 
specimens to understand their leaching behavior and to determine the diffusivities of 
calcium (Guo et al., 1998, 2001), trace metals such as As, Pb, Ba, Cr, Fe, Al and Mn and 
radionuclides such as Ra226 and Rn222 (Gokmen, 1995; Fan, 1997). Stabilizing PG with 
Class C fly ash and Portland Type II cement will minimize the migration of radon gas 
from the PG composite into the surrounding environment (Guo et al., 2001). The PG 
composites submerged in an aquatic environment would provide double protection 
against the escape of radon gas. The stabilized PG matrix will minimize the diffusion of 
the radium molecules. Also, those molecules that try to escape have to diffuse out of the 
saltwater before becoming available for human exposure. Malone et al. (1994) studied 
blocks made of phosphogypsum and cement that were placed in the Gulf of Mexico. The 
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research observed a diverse population of burrowing organisms attached to the composite 
surface indicating that the phosphogypsum can potentially be substituted for other 
chemical gypsums in offshore artificial reef construction (Nieland et al., 1998).  
1.3 Phosphogypsum Stabilization for Use in Coastal Applications 
1.3.1 Need for Coastal Material 
The United States has lost a significant amount of wetlands. Louisiana has the 
most complex coastline in the United States, and it also holds the distinction of having 
the most rapid rate of coastal erosion in the nation (National Academy Press, 1990). 
Every year, the state of Louisiana loses 65 – 90 square kilometers of wetland that 
accounts for almost 80% loss in lower 48 states across the nation (Louisiana Coastal 
Wetlands Conservation and Restoration Task Force, 2001). The Coastal Wetlands 
Planning, Protection and Restoration Act (CWPPRA-Title III, 1990) was passed by the 
U.S. Congress to address this wetland loss issue nationally. The Bureau of Beaches and 
Coastal Systems (2001) reported the State of Florida has also suffered serious 
coastal/beach erosion problems.  
Traditionally, several engineering approaches have been used to minimize coastal 
erosion, including protective structures such as seawalls, revetments, groins and detached 
breakwaters (Whiteneck and Hockney, 1989). Usually, stone, limestone, granite, concrete 
and steel are used to construct these structures. A single coastal erosion control project 
needs thousands of tons of riprap as a fill material for the construction of embankments. 
Louisiana imports tons Arkansas limestone at a cost of $36 to $52 per ton for use as a 
riprap fill and for dike construction.  
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 PG composites were recommended for the purpose of marine resource 
enhancement in the aquatic environment (Rusch et al., 2001). The coastal erosion 
problems faced by the Gulf of Mexico and nearby costal regions in the United States can 
be addressed by combining the use of PG, with the need for aquatic habitat enhancement 
materials. Using stabilized PG composites under the saltwater environment eliminates the 
airborne vector of transmission for radon gas (Rusch et al., 2001). 
1.3.2 Stabilization of Phosphogypsum 
In general, solidification can be simply defined as the conversion of a liquid 
material into non-liquid material. But this process may not necessarily decrease the 
leachability of the wastes that are being solidified. This can be achieved by the 
stabilization process. It refers to a purposeful chemical reaction that occurs to make the 
waste constituents less leachable (Barth, 1990).  
Because PG is a TENORM, it is recommended it be treated to an extent possible 
to minimize its harmful constituents. Stabilizing phosphogypsum by mixing it with Class 
C fly ash and Portland Type II cement has proven to be one of the most effective 
alternatives for reducing the possibility of migration of the hazardous components into 
the environment (Rusch et al., 1998, 2001).  
Fly ash is a solid waste from coal or oil combustion in electric power plants with 
the volume being much higher at coal-fired plants. It is a mixture of metallic oxides, 
silicates, and other inorganic particulate matter. In addition to having pozzolanic 
properties, fly ash also has the ability to harden and gain strength when reacted with 
water (i.e. self-cementing properties). When the fly ash meets the physical characteristics 
and chemical composition requirements outlined in ASTM C618, it is referred as a Class 
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C fly ash – most of which have self-cementing properties (Chesner et al., 2002). Class C 
fly ash can be added as a base material, along with Portland Type II cement, to neutralize 
the acidity of the raw PG. It also contains silicate that allows it to act as binding agent in 
the mixture, reducing the necessary cement content.  
Chen et al. (1995) studied 70%:30% PG:cement composites to investigate the 
leaching and bioaccumulation of radium and toxic metals present in the PG. Several 
market-size oysters and marine organisms were found attached to the PG composite 
surfaces. In a similar research, Nieland et al., (1998) investigated the bioaccumulation of 
the radium and six toxic metals including lead, copper, zinc, cadmium, chromium and 
arsenic in an aquatic food chain exposed to PG:cement composites. These researches 
concluded that there was very little to no evidence of leachability and bioaccumulation of 
toxic metals and Ra226.  
Gokmen (1995) conducted column leaching tests and TCLP on compacted raw 
PG specimens under one-dimensional saturated flow conditions to understand the 
transport and leaching behavior of Pb, Cr, Ba, As, Mn, Al, Fe, Ra226 and Rn222 through 
phosphogypsum. The results indicated a potential leaching of these species. Although, the 
leachate concentration levels were below the USEPA toxicity limits, the concentrations 
failed to meet the USEPA drinking water limits for several species.  
Fan (1997) studied stabilized PG:cement composite blocks immersed in both 
fresh and saltwater for leaching characteristics and structural integrity. High release rates 
of Ra226 (10-17-10-16 m2⋅s-1) were observed during the initial stages of leaching, with a 
gradual decline thereafter. Blocks fabricated at 3629 kg (8000 lb) compaction level met 
the unconfined compressive strength requirements (3447 KN·m-2). 
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Guo (1998) continued this research to measure the calcium effective diffusion 
coefficients of PG:fly ash:cement composites subjected to saltwater conditions. It was 
found that higher diffusion coefficients of PG:fly ash:cement composites results in 
dissolution and failure of the PG composites.  
Guo et al. (1999, 2001) performed Scanning Electron Microscopy (SEM) and 
microscope analysis to compare the microstructures of PG:lime:Portland Type II cement 
and PG:Class C fly ash:Portland Type II cement composites. Studies have shown that in 
the stabilized PG:Class C fly ash:Portland Type II cement composites, the stronger 
calcium carbonate coating embedded with fly ash particles increases the survivability of 
the composites by covering the higher sulfate resistant surfaces. The results in this 
research indicated that the 62%:35%:03% PG:Class C Fly ash:Portland Type II cement 
composite, having a commercial production cost of $13.62 per ton for the year 2001 in 
Florida, survived in saltwater for more than two years. It was further concluded that the 
effective diffusion coefficient is a good indicator for long-term survivability of the 
stabilized PG:Class C fly ash:Portland Type II cement composites.  
1.3.3 Leaching Mechanisms 
 
Solidification/stabilization (s/s) treatment processes help minimize the 
contaminant mobility in both physical and chemical ways that work simultaneously. The 
contaminants are trapped in a solid form that physically hinders their mobility and also 
the contaminant form can be changed chemically from a more or less mobile form by 
reactions such as sorption, precipitation, or oxidation/reduction (Batchelor, 1992). The 
American Nuclear Society (ANS, 1986) recommended the dynamic leaching test (DLT) 
to evaluate the leaching rate of the contaminants. Contaminant leaching occurs in four 
ways: displacement/transport through the solid, through the solid/liquid boundary layer, 
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diffusion through the leached layer, and bulk transport in the liquid leachate medium 
(Conner, 1990). Various leaching models help in interpreting the binding mechanisms 
and the overall degree of contaminant immobilization after s/s treatment (Duedall et al., 
1983; Bishop, 1988; Shackford and Daniel, 1991; Groot et al., 1992; USEPA, 1993; 
Batchelor, 1992; Batchelor, 1998; Kim and Batchelor, 2001; Park and Batchelor, 2002).  
Gokmen (1995) studied the transport and leaching behavior of lead, barium, 
chromium, arsenic, iron, aluminum, manganese, radium and radon through compacted 
raw PG subjected to column leaching under one-dimensional saturated flow conditions. 
The long-term performance of the PG sample was predicted by means of a theoretical 
model accompanied with a finite element solution and a computer code. The results 
indicated a potential leaching of interested species and for the flow through conditions, 
the leachate concentration exceeded EPA drinking water standards. However, these levels 
were well below the EPA toxicity limits. Also comparing to the TCLP tests, the column 
leaching tests provided higher leachate concentrations. It was also concluded that the 
dissolution kinetics is the primary factor of leachate generation from phosphogypsum. 
In most stabilized waste systems, contaminant diffusion controls the leaching 
rates in the short-term leaching process (Conner, 1990). Five different experimental 
methods are used to measure effective diffusion coefficients: (Groot et al., 1992; 
Taffinder and Batchelor 1993 and Breslin et al., 1995) the two-chamber method, the 
direct current (DC) resistivity method, the alternating current (AC) resistivity method, the 
solid content loss method (Breslin et al., 1995), and the dynamic leaching test proposed 
by the American Nuclear Society (ANS 16.1, 1986) that is closer to the real 
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environmental conditions and has been commonly used for stabilized waste systems 
(Breslin et al., 1995; Guo et al. 1999; and EL-Kamash et al., 2002). 
A majority of the leach models follow Fick’s law using an effective diffusivity to 
describe the movement of mobile contaminants through the stabilized solid matrix. Groot 
et al., (1992), Duedall et al., (1983) and EL-Kamash et al., (2002) used a one-dimensional 
diffusion model based on Fick’s second law with a zero surface concentration at the 
solid/liquid interface to calculate the effective diffusion coefficients as the long-term 
leaching characteristics of toxic metals or radionuclides. Batchelor (1989, 1990) 
developed simple leach models to predict the effects of process variables on performance 
of the solidified wastes. He assumed semi-infinite solid blocks of stabilized wastes with a 
rectangular geometry kept in an infinite bath. According to Cote (1986) and Conner 
(1990), wastes stabilized with cement consists of one or more solid phases, a liquid phase 
(pore solution) and the air voids. Since calcium is the major component in the waste 
form, it can also be used to predict the long-term stability of stabilized wastes based on 
short-term leaching measurements (Park, 1987; Hockley and van der Sloot, 1991; Saito et 
al., 1992; Breslin, 1995 and Guo et al., 2001). 
1.3.4 Geotechnical Properties 
S/S wastes for construction purposes must have adequate strength to support the 
loads of materials placed over them. According to LaGrega et al., (1994), for any given 
s/s agent, the stronger the solidified waste, the more effective the s/s process. 
 Typically, stone, earth, Portland cement concrete, other types of concrete and 
grouts, structural sheets and metals, wood, plastics, geotextiles and different recycled 
materials are used in coastal structures. Major engineering properties of such materials 
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considered are shear strength, compressibility and permeability (Whiteneck and 
Hockney, 1989). These properties must be studied to encounter the problems such as 
erosion, settlement, bearing capacity and slope stability while using the material as a fill. 
Other useful properties of construction materials in the design of structures include dry 
density, specific gravity, water content, grain and particle size distribution, resistivity and 
corrosion potential, plasticity characteristics, chemical properties and durability 
(Whiteneck and Hockney, 1989). 
 Thimmegowda (1994) studied various mixtures of cement stabilized 
phosphogypsum (CSPG) composites to determine their usefulness as a secondary 
material for different construction purposes such as road and embankment construction. 
He conducted the USEPA approved toxicity characteristic leaching procedure (TCLP) 
(Method 1311, 1992) to determine the leaching of toxic metals such as lead, cadmium, 
mercury, silver, chromium and barium from the composites. Engineering properties such 
as unconfined compression and moisture-density relationship were used to develop the 
pavement design analysis and to determine the strength of the composites.  The results 
indicated that the trace metals leached in very small amounts from both the raw and 
CSPG where the contaminant concentrations were well within the USEPA regulatory 
limits.   
Gandham (1995) proposed that PG could be successfully used as a component of 
flowable fill when mixed with Class C fly ash that provides strength and flowability 
characteristics to the mix. The tests conducted were flowability, setting time, unconfined 
compressive strength, freeze-thaw resistance, flexural strength, dimensional stability and 
permeability. To assess the environmental effects of the individual and design mix 
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materials, the TCLP and radon emission tests were carried. The unconfined compressive 
strengths of the mixtures ranged between 4737 – 6895 KN·m-2. 
Joshi (1997) compared the volume change behavior of CSPG to that of a typical 
Louisiana pavement base coarse material – cement stabilized silty-soil (CSSS) by means 
of moisture content, cement content, curing period and different curing conditions on 
volume change. The results indicated that the CSPG specimens possessed lesser 
shrinkage and higher resilient modulus than the CSSS samples.  
Holmstrom and Swan (1999) investigated the geotechnical properties of 
innovative, synthetic lightweight aggregates (SLAs) containing a mixture of coal fly ash 
and high-density polyethylene (HDPE). The ingredients were blended and granulated to 
form aggregates with fly ash:HDPE ratios of 70%:30% and 80%:20% by weight. These 
composites were tested for geotechnical properties such as specific gravity, grain size 
distribution and one-dimensional compression. Results showed that both aggregates have 
similar uniform grain size distributions and their specific gravities ranged well below 
those of the typical natural soils thus qualifying the product (SLAs) as lightweight. This 
research concluded that the SLAs could be used in several geotechnical applications as a 
lightweight fill around foundations and embankments and as a high drainage material 
around retaining walls and in utility trenches. 
Lo et al. (2002) studied the geotechnical properties of the dewatered sewage 
sludge generated from chemically enhanced primary treatment (CEPT) for landfill 
disposal. The study was aimed to investigate the slope stability and potential settlement 
of the disposal of CEPT sludge into the landfill. The CEPT sludge and its mixtures were 
tested for its compaction behavior, consolidation characteristics, compressibility, 
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permeability and undrained shear strength. Results from compaction tests indicated that 
CEPT sludge might exhibit compaction characteristics similar to those of clayey soils. 
Based on the direct shear tests results, for the CEPT sludge disposal, slopes of 20o were 
recommended to be constructed during the landfill construction to avoid sliding 
problems.  
 Yilmaz et al. (2003) investigated the effectiveness of cement-stabilized hazardous 
wastes containing high-levels of toxic metals and organic contaminants for their safe 
disposal. Hazardous wastes such as metal enriched mining residue, adsorbable organic 
halogens (AOX) mixed with pulp and paper sludge and polychlorinated biphenyl (PCB) 
oil-contaminated soils were stabilized with cement.  The composites made of different 
ratios of the waste and cement mixtures were tested by means of initial waste 
characterization, contaminant concentrations leached during TCLP and some physical 
waste characteristics such as particle-size distribution, specific gravity and moisture 
content yielding the maximum compacted dry density. Unconfined compressive strengths 
of the composites were measured to determine the strength of solidified waste samples. 
The chemical composition of the TCLP leachates of untreated and treated (s/s) wastes 
and the strength and hydraulic conductivity of the solidified waste samples were 
compared with the USEPA regulatory limits to assess the effectiveness of s/s technology. 
Effective stabilization of the mining wastes was achieved whereas, although the AOX 
containing sludge met the strength and hydraulic conductivity criteria, the composites 
exhibited high AOX concentrations in the TCLP leachates than the acceptable regulatory 
levels. For the PCB oil contaminated soils, cement:soil ratio above 35% was 
recommended to achieve the desired effectiveness of s/s. 
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1.4 Research Objectives 
 
This research was focused on stabilizing PG with Portland Type II cement and 
Class C fly ash for use in marine environments. The stabilized PG composites submerged 
in an aquatic environment would provide double protection against the escape of radon 
gas.  
The overall goal of this thesis research was to develop an optimal 
phosphogypsum:Class C fly ash:Portland Type II cement briquette composition that can 
be used for marine/coastal applications on a commercial basis. The specific objectives of 
the research included the development of a PG briquette composition that under 
submerged conditions: 1) maintained physical integrity; 2) minimized dissolution of 
Ra226 and toxic metal concentrations in saltwater; 3) possessed appropriate geotechnical 
properties for use as an embankment fill; and 4) was economically feasible to fabricate. 
This thesis is comprised of two manuscripts. The first manuscript addresses the 
screening of nine combinations of the stabilized PG:Class C fly ash:Portland Type II 
cement composites to determine four best combinations based on the results obtained 
from: (a) four-month field submergence study; (b) dynamic leaching of calcium and 
sulfate ions from the composites in saltwater; and (c) the economic analysis to determine 
the cost of the composites. The selected four best combinations were re-fabricated with 
better physical characteristics and the further analyzed for (a) Ra226 release and 
concentrations of heavy metals in cationic forms (e.g. Cr3+, Cu2+, Zn2+, Fe2+, Pb2+ and 
Cd2+) and (b) the trace element concentrations (e.g. As, Cd, Pb and Se) through Toxicity 
Characteristics Leaching Procedure (TCLP). The second manuscript overviews the 
performance of the selected four best combinations by means of (a) natural saltwater 
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survivability for one year, (b) raw material characteristics, and (c) the engineering 
properties of the composites.  
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Chapter 2: Selection of the Stabilized Phosphogypsum:Class C Fly Ash:Portland 
Type II Cement Composite Combinations for Use in Marine Environments  
 
2.1 Introduction  
 
Phosphoric acid (H3PO4) production in the United States follows the ‘wet 
process’ method, whereby ground phosphate rock is reacted with sulfuric acid (USEPA, 
1993). Facilities in the United States generally use a dihydrate process in which the 
reaction combines calcium from the phosphate rock with sulfate, forming calcium sulfate 
(CaSO4·2H2O), a waste by-product commonly known as phosphogypsum (PG): 
[ ]↓+→++ O·2HCaSO3PO2HO6HSO3H)(POCa 2443242243                     (2.1) 
A production ratio of 1:4.5-5.5 phosphoric acid:PG results in an annual PG 
production rate of approximately 44-51 million metric tons in the United States (FIPR, 
2001). Phosphogypsum contains several trace metals, including arsenic (As), chromium 
(Cr), lead (Pb), zinc (Zn) and cadmium (Cd), which are on EPA’s list of potentially toxic 
elements, and radioactive contaminants that may pose potential environmental problems.  
Typically, PG has a radioactivity of 20-35 pCi·g-1 (FIPR, 2001). The impurities in PG are 
mainly the result of the phosphate rock characteristics and the production process. One of 
the main concerns of PG is the enriched amount of the radionuclide, Radium226, the 
parent isotope of Radium222, which further decays to produce Radon gas (Rn222). Radon 
gas has a short half-life of 3.8 days and intense radiation capacity. Upon decay of the 
radon gas, alpha particles are emitted, which are known to cause significant damage to 
internal organs (USEPA, 2002). The USEPA, therefore, classified phosphogypsum as a 
“Technologically Enhanced Naturally Occurring Radioactive Material” (TENORM) 
(USEPA, 2002).  
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The current allowable disposal method for PG is stack piling, which is aimed at 
protecting the environment and public from potential health hazards (Federal Register, 
1989). PG is being stored in large stacks, approximately 60m high and covering as much 
as 0.02 – 3.0 km2 area (USEPA, 2001). The storage of PG in stacks requires lot of space 
and the leaching of the toxic elements present in PG may also cause a potential threat of 
surface and groundwater contamination. The fertilizer industry thus needs to find long-
term solutions to minimize the risks to humans and the environment as well as to reduce 
the storage costs.  
Solidification/stabilization (s/s) technology is commonly used to treat hazardous 
wastes. USEPA has identified s/s treatment as Best Demonstrated Available Treatment 
Technology (BDAT) for at least 57 commonly produced industrial wastes that are listed 
as hazardous wastes in the Resource Conservation and Recovery Act (RCRA) (Wilk, 
2002). In the stabilization process, binders (supporting media or other modifiers or 
additives) are mixed with waste to reduce its toxicity and also to minimize the rate of 
contaminant migration into the surrounding environment (Conner, 1990; Cartledge et al., 
1990; Batchelor, 1992; LaGrega et al., 2001; Yilmaz et al., 2003). Commonly used s/s 
binders (additives) include Portland cement, kiln dust, lime, kiln dust and fly ash. 
Methods have been investigated (Guo et al., 1998, 1999, 2001) to stabilize 
phosphogypsum using Class C fly ash and Portland Type II cement. This research 
focused in developing a stabilized PG:Class C fly ash:Portland Type II cement composite 
that can be used as a fill material in marine/coastal applications.  
The use of lime was also studied in place of fly ash in the composites, and the 
Scanning Electron Microscopy (SEM) analysis was performed to compare the 
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microstructures of PG:Lime:Portland Type II cement and PG:Class C fly ash:Portland 
Type II cement composites. The results indicated that in PG:Class C fly ash:Portland 
Type II cement composites, the formation of a stronger calcium carbonate coating 
embedded with fly ash particles helped in increasing the survivability of the composites. 
This research also concluded that the calcium and sulfate effective diffusion coefficients 
are good indicators for long-term survivability of stabilized PG:Class C fly ash:Portland 
Type II cement composites.  
Previous research (Guo, 1998; Guo et al. 1999, Rusch et al., 2001) concluded that 
the 62%:35%:03% PG:Class C fly ash:Portland Type II cement composite blocks 
survived in natural saltwater for more than two years and the composite possessed a 
commercial production cost of $13.62 per ton for the year 2001. It should also be noted 
that, the phosphogypsum content in the composite is much higher than the proportions of 
the admixtures (binders) used. However, the goal of the proceeding researches in this 
area is to determine appropriate PG:Class C Fly ash:Portland Type II cement composite 
composition that contains higher PG content than 62% (to facilitate utilization of PG in 
greater quantities) and at the same time possesses lower production cost than $13.62 per 
ton for its commercial applicability.  
2.2 Materials and Methodology  
The research was conducted in two phases: Phase I and II. Nine combinations of 
PG:Class C Fly ash:Portland Type II cement were fabricated and screened in Phase I to 
determine the four best combinations based on the results obtained from (a) field 
submergence study, (b) dynamic leaching of calcium and sulfate ions from the 
composites into the saltwater, (c) cost of the composite and (d) proportions of ingredients 
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for the feasibility in fabrication. During the screening phase, the main focus was to 
understand (1) the chemical stability of the submerged PG composites by means of the 
contaminant leaching behavior and (2) the physical stability through the submergence 
tests. The leaching behavior of calcium and sulfate, which are considered as macro-
elements in PG, was studied over a short-term period. Hence a 28-day dynamic leaching 
study was conducted. In the Phase II, only the selected best-four combinations were re-
fabricated and subjected to a 77-day dynamic leaching study and the leachate samples 
were analyzed for Ra226 and heavy metals concentration released from the composite 
during the leaching period. The data was also studied to evaluate the potential for the 
formation of any magnesium compound that may pose an adverse effect on the 
composite’s structural integrity. The calcium and sulfate effective diffusion coefficients 
were determined for the best four compositions from the dynamic leaching study results 
to ensure the reproducibility of the data obtained during the screening phase. Toxicity 
characteristic leaching procedure (TCLP) was conducted on the best four combinations as 
well as the raw PG samples to determine the trace element concentrations.  
2.2.1 Selection of PG Composite Combinations  
 The incomplete factorial design method was applied to select ingredient 
combinations for the screening process (Table 2.1). The lower bounds were 63%, 20% 
and 1% for the ingredients: PG, Class C fly ash and Portland Type II cement, 
respectively. The 62%:35%:03% PG:Class C fly ash:Portland Type II cement 
composition, that survived in natural saltwater environment for more than two years , was 
used as the control combination that was selected based on previous research (Guo et al., 
2001, 2003).  
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Table 2.1: Nine PG:Class C fly ash:Portland Type II cement combinations for 
fabrication,  testing and the screening process (a)  
Phosphogypsum (%) Class C fly ash (%) Portland Type II cement (%) 
77 20 3 
73 25 2 
72 25 3 
69 30 1 
68 30 2 
67 30 3 
64 35 1 
63 35 2 
62 35 3 
 (a) Percentages are based on dry weight of the combined ingredients. 
  
 Raw Materials. Raw PG was obtained from IMC-Agrico Co., Uncle Sam 
Operations, LA. The River Cement Co., St. Louis, MO provided the Portland Type II 
cement. Bayou Ash Inc., Erwinville, LA donated the Class C fly ash. Fly ash is a mixture 
of metallic oxides, silicates, and other inorganic particulate matter, which is produced 
while burning the coal. Class C fly ash can be added as a base material, along with 
Portland Type II cement, to neutralize the acidity of the raw PG. Furthermore, it acts as a 
good binding agent to the PG:Cement composites that helps in reducing the cement 
content and thus the cost of the PG briquette.  
The raw PG was oven-dried at 45oC for 12 hours and ground to pass through a US 
Standard sieve # 10. Precautions were taken to verify and maintain the temperature in the 
oven so that only free water was removed. Oven dried PG was sealed in plastic bags to 
avoid moistening of the PG. 
 Fabrication of PG Composite Briquettes. The briquettes were fabricated at 
K.R. Komarek Briquetting Research, Inc., Anniston, AL. Appropriate percentages of 
Portland Type II cement were combined with Class C fly ash and dried/crushed/sieved 
PG in a mechanically operated mixer for seven to eight minutes, and the properly 
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homogenized mixture was then compacted between two rollers cantilevered on the ends 
of shafts outside the bearing blocks (Figure 2.1). The force holding the two rollers 
together was provided by a fully adjustable hydraulic system.  
During the screening phase, the 
experience and standards set by the 
briquetting company were followed. 
Thus, a water content of 8% was used to 
fabricate these composites. Also the 
average pressure maintained to compact 
the briquette between the rollers was 37.3 
× 106 N·m-2. While re-fabricating the best 
four combinations, the water content was 
reduced to 4% and the pressure between 
the rollers was increased to 143.1 × 106 
N·m-2 to attain a better solid density of the PG composite briquettes. Table 2.2 lists the 
differences in physical parameters of the PG briquettes fabricated in ‘Phase I’ for the 
screening and in ‘Phase II’ for re-evaluating the chosen best four combinations.   
Table 2.2: Fabrication parameters for the PG composite briquettes used for screening and 
the best four combinations as provided by K.R. Komarek Briquetting Research, Inc., AL 
Briquette Parameter Fabrication in Phase I Fabrication in Phase II 
Water Content, % 8 4 
Mean Pressure (a), N·m-2 37.3 × 106 143.1 × 106 
Mean Solid Density, g·cm-3 1.70 2.15 
Mean Mass, g 14.41 19.5 
Mean Volume, cm3 8.5 9.0 
Dimensions, (L × B × H) mm 41.2 × 22.2 × 13.4 42.5 × 23.5 × 14.5 
Approx. Surface Area, cm2 21.25 28.75 
     (a) Pressure maintained to compact the briquette between the rollers. 
Figure 2.1: Fabrication of PG composites 
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 The composites were allowed to cure at room temperature and 100% humidity for 
one month before testing. To determine whether the temperature (at which the raw PG 
was oven-dried) played a role in achieving desired physical and chemical characteristics 
of the briquettes, one of the best four compositions was randomly selected and fabricated 
using ‘air-dried’ raw PG. Moreover, the same composition was also fabricated in two 
different sizes to compare the composite’s performance due to increase in the surface 
area to volume ratio. Therefore, one of the best four combinations was fabricated using 
both the ‘oven-dried’ and ‘air-dried’ raw PG as well as in two different sizes or volumes 
(i.e. 9 cm3 and 30 cm3). 
2.2.2 Evaluation Criteria 
The use of stabilized PG composites in the marine environment is only feasible if 
the composite do not dissolve. Hence to test this, evaluation criteria based on 
submergence study and leaching behavior of macro-elements in PG (i.e. calcium and 
sulfate) was set. The composite survival for at least four months under natural saltwater 
conditions was considered as a major criterion to choose the best four combinations, as it 
will help in understanding the real performance of the composite in the field when 
completely submerged. The calcium (Ca2+) and sulfate (SO42-) release rates from the 
composites are good indicators of potential PG dissolution and eventual composite failure 
(Edwards and Duedall, 1981; Hockley and van der Sloot, 1991; Breslin and Roethel, 
1995 and Guo et al., 2001). Li and Gregory (1974) studied the ionic diffusion mechanism 
in pure seawater and in deep-sea sediments and concluded that the sulfate effective 
diffusion coefficient in pure saltwater exceeds the calcium effective diffusion coefficient 
by a ratio of 1.2 to 1.3. 
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 Based on saltwater submergence experiments from previous research, it was 
determined that the control (i.e. the 62%:35%:03%) PG:Class C fly ash:Portland Type II 
cement composites survived for more than two years (Guo et al., 2001). The Ca2+ 
effective diffusion coefficients of the control composites ranged 10-14 - 10-13 m2·s-1. 
Hence, for the screening purposes, the maximum allowable levels of calcium and sulfate 
release for the nine combinations were considered as 2.65×10-13 m2·s-1 and 3.15×10-13 
m2·s-1, respectively.  
The cost of the composites was another important criteria summarized in the 
evaluation matrix (Table 2.3) for choosing the best four combinations. For the ease in 
fabricating these composites and also to maintain the structural integrity, adequate 
amount of the binding agent is needed. For this reason, the composite combinations 
having cement proportions greater than at least 1% were considered suitable in the 
screening process. 
Table 2.3: An evaluation matrix stating the selection criteria for choosing the best four 

















m2⋅s-1 < $13 ton
-1 > 1% 
(a) Based on the cost ($13.62 per ton) of 62%:35%:02% PG  composite that survived in natural saltwater   
conditions for more than two years (Guo et al., 2001) 
(b) Needed for briquetting process. 
 
2.2.3 Experimental Testing 
2.2.3.1 Field Submergence  
 To evaluate the survivability and dissolution potential of the fabricated 
combinations in the natural saltwater environment, the briquettes were submerged in a 
bay located at Port Fourchon, Louisiana. At least five briquettes from each of the nine 
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compositions were randomly selected, tied with colored tags and placed in autoclaving 
baskets (Nalgene Brand). The baskets were suspended in the water column, subjecting 
the samples to natural currents and tides and maximizing interaction potential with 
various aquatic organisms. Physical observations including composite size change and 
organism growth on the PG composites were recorded for the water-suspended samples 
each month. Photos indicating the physical conditions of the briquettes were also taken 
each month of the four-month submergence period. Briquettes were examined for similar 
degradation (or lack of) patterns. The physical observations of the composites obtained 
during these four months of submergence period were used as a major criterion for 
determining the best four combinations for further testing. 
2.2.3.2 Dynamic Leaching Test 
 During the screening phase, a 28-day dynamic leach test (ANS 16.1, 1986) was 
performed to determine calcium and sulfate release rates of each composite combination. 
The measurement of the rate of leachability helps in determining the mobility of the 
contaminants through the composite matrix (LaGrega et al., 2001). The calcium and 
sulfate effective diffusion coefficients were used to understand the dissolution of these 
macro-elements in the composites over a short-term period whereas the heavy metals and 
radium effective diffusion coefficients were determined to address the contaminant 
release issue. In the uniform leach test (or dynamic leach test), the leaching medium is 
replaced at specific time intervals throughout the test period of 14-days and the leachate 
volume to the specimen surface area ratio (VL/S) used is 10:1. Whereas in the modified 
version, the VL/S ratio was reduced to 8:1 and the leachate exchange intervals were 
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extended to a 28-day test period during ‘Phase I’ (screening phase) and to 77-day test 
period during ‘Phase II’.  
Three different briquettes were randomly selected from each of the nine PG 
composite combinations. The dynamic leach test was run on each briquette separately.  
All of the 27 briquette samples were first rinsed with saltwater and then placed in 230 ml 
of 20‰ artificial saltwater (Instant OceanTM). Instead of deionized water, the artificial 
saltwater was used as a leachant medium to simulate the natural saltwater environment 
based on the salinity levels observed in the Louisiana coastal area. The leachate volume 
to composite surface area ratio used was 8:1. The leachate in the test bottles was not 
agitated but was completely exchanged at a standard medium renewal frequency/intervals 
of 0.08, 0.29, 1, 2, 3, 4, 5, 8, 11, 14, 21 and 28 days. Leachate samples were analyzed for 
pH and alkalinity and the Ion Chromatograph (IC) was used to measure the calcium, 
sulfate and magnesium concentrations (mg·L-1) leached from the composites over the 28-
day dynamic leaching period. Saltwater blanks were also run using the IC, and the 
average concentration in the blanks was subtracted from the leachate samples to 
determine the contaminant amount leached from the PG composite. The tests were 
conducted at room temperature (23oC). All the analyses were performed in accordance 
with Standard Methods (APHA, 1998). The data obtained from these tests were used as a 
basis for the calculation of the effective calcium and sulfate diffusion coefficients. The 
effective diffusion coefficients were used as a good indicator to predict the long-term 
impact of the marine environment on the composites. 
A single set of the four combinations selected after screening the nine PG 
composite combinations was tested for the leaching of radium from PG composites. 
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Approximately 500ml of each of the leachate sample from the dynamic leaching test 
were preserved with 0.1% hydrochloric acid. USEPA Standard Method 903.1 (USEPA, 
1980) was used to measure the radium concentration (pCi·L-1). In this method, barium 
nitrate was added into the leachate to co-precipitate radium with the barium sulfate 
precipitate. The precipitate was then washed and sealed for four weeks until enough 
radon has accumulated to be measured by alpha (α) emissions.  
The leachate samples were also preserved with nitric acid and analyzed for Cr3+, 
Cu2+, Zn2+, Fe2+, Pb2+ and Cd2+ using Inductively Coupled Argon Plasma Spectroscopy 
(ICAP). The total constituent analysis (Co,expr., mg·cm-3) of the briquette sample was 
performed after acid digestion (USEPA Method: 3050A).  
2.2.3.3 Diffusion Model  
 Typically, in a diffusion model, a rectangular geometry of the waste form is 
considered with a zero concentration of the contaminant at the interface of solid (waste 
matrix) and liquid (leaching media). It is also assumed that the contaminant is uniformly 
distributed within the waste and the contaminant content at the center of the solid does 
not change during the leaching period (Batchelor, 1990). All these assumptions hold true 
for the leaching of contaminants in freshwater as it contains negligible concentrations of 
toxic metals and calcium and sulfate ions.  But in case of saltwater, although toxic metal 
concentrations can be zero, the assumption of zero surface concentration cannot be true 
as the saltwater initially has 6 mmol·L-1 of calcium and 10 mmol·L-1 of sulfate. Hence to 
predict the long-term survival of stabilized PG composites under natural saltwater 
conditions, a non-zero surface concentration at the solid-liquid interface must be 
considered in the diffusion model (Guo et al., 2003). 
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Assuming a continuous exchange of the leachate medium (saltwater) so that the 
leaching ion concentrations do not increase in the leachate, which would lead to a change 
in the fluxes of the leached ions, the one dimensional flux of the diffusing ion is assumed 








e                          (2.2) 
where: 
       C  = calcium / sulfate ion concentration (mg·cm-3), 
      De  = effective diffusion coefficient (cm2·d-1),  
        t  = time (days) and  
        x  = one-dimensional coordinate (cm). 
The original point (i.e. x = 0) is in the composite surface with movement into the 
briquette extending from x = 0 to x = +∞. This model assumes a uniform distribution of 
diffused ions within the composite briquette and a constant concentration at the 
briquette/saltwater interface. Since the leachate is exchanged at a short time interval 
during the dynamic leaching study, the leaching ion concentration in the leachate can be 
considered constant. The initial condition is given as: 
at  t = 0, C = Co                                                                                 (2.3) 
where, 
       Co = Co,theo. = the total initial theoretical contaminant content in the stabilized solid 
(mg·cm-3) that is assumed to be at equilibrium for the stabilized PG briquettes. 
The boundary condition is given as: 
at  x = 0, C = C1               (2.4) 
      C1 = the contaminant concentration at the solid-liquid interface (mg·cm-3) 
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Considering the given initial and boundary conditions, the Equation (2.2) can be solved 
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Now at x→0, Equation (2.7) becomes:  
π
2xerf(x) =                       (2.8) 
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The flux, J(t), of diffusing substances at the unit time and unit area through the 
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where,  
         J = the flux of diffusing ions (mg·cm-2·d-1).  
The cumulative flux, f(t), of the diffusing ions at the unit time and unit area 









−=→                          (2.12) 
where, Kd = the rate constant of the diffusion process and is given by: 
           
π
D
2K ed =                                (2.13) 
Assuming diffusing ions are not involved in any chemical reactions, the cumulative flux 
is constant with respect to any value of x i.e.: 
 f(t) 0→x = f(t)x = f(t)          (2.14) 
Diffusion is a major component of the overall leaching process. Equation (2.12) 
can be used to identify the leaching mechanisms and to calculate the effective diffusion 
coefficient. 
Three different leaching mechanisms can be singled out using cumulative 
contaminant release (mg·cm-2) as a function of time (leaching period, days): dissolution, 
surface wash-off and matrix diffusion. The cumulative release when plotted against time 
on a log-log scale represents release curves with slopes +1, +0.5 and 0 that corresponds 
the dissolution, diffusion and surface wash-off processes, respectively (Groot and van der 
Sloot, 1992). But practically, it is difficult to obtain the exact slope values of +1, +0.5 or 
0, as the leaching process is generally a combination of the all of these mechanisms (Guo 
et al., 2003). Therefore, a statistical regression model has been developed by Guo et al. 
(2003) in which the experimentally obtained cumulative fluxes (release rates) were 
divided into the fluxes of three individual surface wash-off (F(t)sw), diffusion (F(t)d) and 
dissolution (F(t)ds) processes as:  
F(t)sw = Ksw )C(C 10 − + ei         (2.15) 
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F(t)d =  Kd t)C(C 10 −  + ei         (2.16) 
F(t)ds = Kds )C(C 10 − t + ei         (2.17) 
where,  
     Ksw = the rate constant of immediate dissolution i.e. surface wash-off (cm), 
     Kd = the rate constant of the diffusion process (cm·d-0.5), 
     Kds = the rate constant of the long-term dissolution process (cm·d-1), 
        t = time (days) and 
       ei = the random residual error term. 
Equations (2.15), (2.16) and (2.17) represent the surface wash-off, diffusion, and 
dissolution processes respectively. Also it is assumed that the error term is normally 
distributed with a zero mean and a common variance (i.e. σ2). To check the normality of 
the error term, four test methods were used: the Shapiro-Wilk, Kolmogorov-Smirnov, 
Cramer-von Mises and Anderson-Darling. The homogeneity of variance for the residual 
error (ei) was tested using Levene’s test. The error term is considered a standard normal 
distribution and uniform variance if the tested p-values are > 0.05. It should also be noted 
that each of these mechanisms might not occur in a dynamic leaching process separately, 
but a combination of two or all processes may take part in the leaching mechanism. 
Hence, combining Equations (2.15) and (2.16) results in: 
           i1od1osw1 et)C(CK)C(CKF(t) +−+−=                                                       (2.18) 
Combining Equations (2.16) and (2.17) results in: 
F(t)2 = Kd t)C(C 1o −  + Kds )C(C 1o − t + ei            (2.19) 
And thus, a complete model reaction can then be summarized as: 
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F(t) = Ksw )C(C 1o −  + Kd t)C(C 1o − + Kds )C(C 1o − t + ei                           (2.20) 
The above Equation (2.20) represents a complete model including all processes. 
These equations were tested to select the simplest best-fit curves having an r-square close 
to unity. SAS 8.2 was used for regression analyses and the input was the cumulative 
fluxes (mg·cm-2) obtained from the dynamic leach test. 
2.2.3.4 Cost of the Composites 
Although the field submergence results and the leaching characteristics are 
important to study the survivability of the PG composite briquettes under natural 
saltwater conditions for its long-term effect, the cost of the product was also considered 
as a major governing factor in screening the best four combinations. The briquette 
production cost indicated the feasibility of the briquetting process to fabricate the 
composite on a commercial basis.  
The production costs for each PG composite combination were determined using 
the economic analysis developed by Rusch et al., (2001) (FIPR Technical Publication No. 
01-162-182). These costs were obtained using the ingredient costs in Florida and 
Louisiana for the year 2001 without offsetting the PG disposal costs. Whereas, for the 
comparison purposes, the current (year 2003) costs of the ingredients (i.e. Portland Type 
II cement and Class C fly ash) in Florida and Louisiana were also obtained. 
2.2.3.5 Toxicity Characteristic Leaching Procedure (TCLP) 
 The Toxicity Characteristic Leaching Procedure (TCLP Method 1311) was 
developed to determine if a particular waste meets the treatment standards before its 
application (USEPA, 1992). The quantity of the TCLP leachates provides a measure of 
the effectiveness of the s/s process (Yilmaz et al. 2003).  
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 The raw PG and the crushed/sieved PG composite briquettes were analyzed. The 
leachates generated by the TCLP process were acid digested and analyzed in duplicate 
using Inductively Coupled Plasma–Mass Spectrometers (ICP–MS). The purpose of the 
test was to determine whether the trace elements such as arsenic, cadmium, lead and 
selenium present in the composite, exceed the maximum allowable regulatory limits set 
by EPA. Extraction fluid 2 was considered appropriate for conducting TCLP based on the 
alkalinity of the sample. The briquettes were crushed, sieved through US Standard Sieve 
# 10, placed in a rotary tumbler with the extraction fluid 2 as a leaching medium (0.1M 
acetic acid solution) at a liquid (ml): solid (gram) ratio of 20 to 1 and agitated for 18 
hours to provide the maximum or saturated concentration for metals.  The rotary tumbler 
was   set at 30 ± 2 revolutions per minute.  
2.3 Results and Discussions  
2.3.1 Phase I: Screening of the Nine PG Composite Combinations 
2.3.1.1  Field Submergence 
Of the nine combinations submerged under natural saltwater conditions, the 
73%:25%:02%, 67%:30%:03%, 64%:35%:01%, 63%:35%:02% and 62%:35%:03% 
PG:Class C fly ash:Portland Type II cement composites showed promising results with 
no signs of degradation after four months of submergence. The mean differences were 
not significant at 95% confidence interval. On the other hand, the 77%:20%:03%, 
72%:25%:03%, 69%:30%:01% and 68%:30%:02% PG:Class C fly ash:Portland Type II 
cement composites showed some degradation (change in dimensions) after four months 
of submergence (Tables 2.4 and 2.5; Figures 2.2 and 2.3).  
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Due to dissolution in saltwater, the degraded briquettes came out of the color tags 
in which they were tied. Three out of five PG composite briquettes submerged for the 
72%:25%:03%  PG composite combination showed severe degradation and the 
composites (reported as ‘missing samples’ in Table 2.5) came out of the tags. Figure 2.2a 
illustrates the 77%:20%:03%, PG:Class C fly ash:Portland Type II cement composite 
before submergence in the saltwater, and Figure 2.2b illustrates severe degradation of the 
same composite after the first month of saltwater submergence. A summary of the 
monthly observations recorded for the submerged briquettes is presented in Table 2.5.   
                           
Figure 2.2: The 77%:20%:03% PG:Class C fly ash:Portland Type II cement composite 
briquette shown (a) before and (b) after one month of saltwater submergence 
 
Table 2.4: A summary of the physical conditions of the nine PG:Class C fly ash:Portland 
Type II cement composite briquette combinations submerged in natural saltwater 
environment for four months 
PG:Class C Fly ash:Portland 
Type II cement 
Physical Conditions After Four 
Months of Submergence 
77%:20%:03% Degradation 
73%:25%:02% Good 







         Good: Less than 10% reduction in composite volume 
         Degradation: 10-25% reduction in composite volume 
         Severe degradation: Greater than 25% reduction in composite volume
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Table 2.5: A summary of the monthly observations recorded for the submerged PG composites  
PG:Class C fly ash:Portland  
Type II cement  
Mean Length 
(mm) ± SD 
Mean Width 
(mm) ± SD 
Mean Height 
(mm) ± SD 
77%:20%:03% 42.1 ± 0.51 22.9 ± 0.65 13.4 ± 0.37 
73%:25%:02% 42.5 ± 0.49 23.0 ± 0.29 13.6 ± 0.19 
72%:25%:03% 41.7 ± 0.73 22.5 ± 0.21 13.7 ± 0.24 
69%:30%:01% 41.5 ± 0.60 23.3 ± 2.64 13.4 ± 2.41 
68%:30%:02% 41.7 ± 0.69 22.6 ± 1.32 13.5 ± 0.21 
67%:30%:03% 42.0 ± 0.61 23.1 ± 1.44 13.5 ± 0.21 
64%:35%:01% 42.1 ± 0.46 22.8 ± 1.00 13.5 ± 0.18 










62%:35%:03% 41.5 ± 0.87 21.9 ± 0.47 13.3 ± 0.35 
77%:20%:03% 39.2 ± 4.18 20.5 ± 0.46 12.8 ± 0.27 
73%:25%:02% 43.7 ± 0.67 26.1 ± 8.65 13.7 ± 0.23 
72%:25%:03% 42.8 ± 1.29 21.3 ± 0.42 13.4 ± 0.38 
69%:30%:01% 40.8 ± 0.49 20.5 ± 0.28 12.6 ± 0.55 
68%:30%:02% 40.7 ± 1.46 21.1 ± 0.51 12.7 ± 0.29 
67%:30%:03% 41.7 ± 1.06 21.7 ± 0.80 13.6 ± 0.23 
64%:35%:01% 41.7 ± 1.00 21.5 ± 0.28 13.2 ± 0.48 













62%:35%:03% 41.7 ± 1.10 21.2 ± 0.15 13.0 ± 0.33 
77%:20%:03% 39.5 ± 1.54 19.8 ± 1.51 12.6 ± 0.40 
73%:25%:02% 43.9 ± 1.66 21.8 ± 0.54 13.7 ± 0.11 
72%:25%:03% 40.0 ± 2.08 19.6 ± 1.92 12.8 ± 0.91 
69%:30%:01% 39.6 ± 4.89 20.7 ± 0.89 12.7 ± 0.46 
68%:30%:02% 40.8 ± 0.61 21.1 ± 0.65 12.8 ± 0.53 
67%:30%:03% 41.2 ± 0.80 20.3 ± 2.07 13.6 ± 0.35 
64%:35%:01% 42.4 ± 1.26 21.4 ± 0.38 13.7 ± 0.98 














62%:35%:03% 41.4 ± 0.29 21.4 ± 0.70 13.4 ± 0.85 
77%:20%:03%  c 38.4 ± 2.28 19.7 ± 1.88 13.0 ± 1.08 
73%:25%:02% 37.9 ± 2.47 18.5 ± 1.71 12.3 ± 0.14 
72%:25%:03%  a 35.1 ± 5.09 14.2 ± 0.14 12.1 ± 0.00 
69%:30%:01%  c 38.0 ± 4.53 20.3 ± 1.36 13.2 ± 0.91 
68%:30%:02%  b 37.6 ± 5.59 20.8 ± 0.74 13.5 ± 0.26 
67%:30%:03% 39.3 ± 5.08 21.1 ± 0.73 12.7 ± 2.08 
64%:35%:01% 40.9 ± 1.46 21.1 ± 0.95 13.4 ± 0.75 














62%:35%:03% 41.8 ± 1.23 20.9 ± 0.89 13.9 ± 0.58 
77%:20%:03%  c 38.1 ± 2.23 20.2 ± 1.92 13.4 ± 0.68 
73%:25%:02% 41.4 ± 1.89 19.9 ± 2.40 14.4 ± 0.19 
72%:25%:03%  a 38.5 ± 5.23 19.0 ± 0.99 14.0 ± 0.07 
69%:30%:01%  b 41.1 ± 0.56 19.9 ± 1.15 13.0 ± 0.40 
68%:30%:02%  b 40.1 ± 1.67 20.6 ± 0.67 12.3 ± 0.15 
67%:30%:03%  c 39.5 ± 0.88 20.7 ± 2.13 13.3 ± 0.70 
64%:35%:01% 40.1 ± 1.32 21.9 ± 3.39 13.6 ± 0.18 













62%:35%:03% 37.8 ± 1.71 22.4 ± 3.35 13.7 ± 0.53 
a Three samples missing.                                 b Two samples missing.                                    c One sample missing. 
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Figure 2.3: Physical conditions of the nine PG:Class C fly ash:Portland Type II cement 
composite briquette combinations submerged in natural saltwater environment for four 
months 
 
 As evident from Figure 2.3, some of the briquette combinations showed marine 
organisms attached to their surfaces (e.g. the 73%:25%:02%, 67%:30%:03%, and 
62%:35%:03% PG:Class C fly ash:Portland Type II cement composites). Although, 
identification of the kind of marine organisms attached to the composites is beyond the 
scope of this thesis research, it can be stated that the growth of such organisms (e.g. 
oysters and barnacles) on the composite’s surface may be beneficial to maintain the 
physical integrity of the briquettes. This may be attributed to the fact that lesser surface 
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area of the composite was exposed to the saltwater currents thereby minimizing the PG 
dissolution that causes the failure of the composite. 
2.3.1.2  Effective Calcium Diffusion Coefficients 
 Figure 2.4 illustrates a combined plot for the cumulative calcium flux rates as a 
function of time (i.e. the 28-day dynamic leaching period) for all of the nine PG 
composite combinations. It was noticed that all of the nine PG composite combinations 
followed a similar path while leaching calcium out into the saltwater. It was also noticed 
that after the first 14 days of leaching, each combination leached calcium at a constant 
rate. Hence, a 28-day dynamic leaching study can also be used to predict the long-term 



































77% :20% :03% 73% :25% :02% 72% :25% :03%
69% :30% :01% 68% :30% :02% 67% :30% :03%
64% :35% :01% 63% :35% :02% 62% :35% :03%
 
Figure 2.4: Cumulative calcium flux rates for the nine PG:Class C Fly ash:Portland Type 
II cement combinations during the 28-day dynamic leach test 
 
The PG composites showing good results in the field submergence study (i.e. the 
73%:25%:02%, 67%:30%:03%, 63%:35%:02% and 62%:35%:03% PG:Class C fly 
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ash:Portland Type II cement composites) leached less calcium during the dynamic leach 
test. Cumulative flux rates (mg·cm-2·d-1) were calculated using the calcium concentrations 
(mg·L-1) leached from the PG composites during the dynamic leaching study, the 
leaching interval and the composite surface area. The cumulative fluxes (mg·cm-2) were 
used as the input for the SAS regression analyses to find out the rate constant of 
immediate dissolution i.e. surface wash-off (Ksw, cm), the rate constant of the diffusion 
process (Kd, cm·d-0.5) and the rate constant of the long-term dissolution process (Kds, 
cm·d-1). For all nine PG composite combinations, the error terms were normally 
distributed with homogeneous variance. The initial theoretical calcium concentration in 
the PG composites (Co,theo, mg·cm-3) and the calcium concentration at the PG 
briquette/saltwater interface (C1, mg·cm-3) were used to calculate the rate coefficients (i.e. 
Ksw, Kd and Kds). The Co,theo values were determined from the initial calcium present in 
the ingredients of the composite. The effective calcium diffusion coefficients (De, m2⋅s-1) 
summarized in Table 2.6 were obtained by substituting the value of Kd in Equation (2.13).  
Table 2.6: The effective calcium diffusion coefficients (De, m2·s-1) calculated from the 
regression analysis for the initial nine PG composites subjected to a 28-day dynamic 
leaching study  
PG:Class C fly ash:Portland 







 Calcium De 
(m2⋅s-1) 
77%:20%:03% 285 0.47±0.0084 0.0185 3.12 × 10-13 
73%:25%:02% 270 0.42±0.0042 0.0158 2.26 × 10-13 
72%:25%:03% 266 0.45±0.0027 0.0184 3.07 × 10-13 
69%:30%:01% 255 0.42±0.0014 0.0151 2.08 × 10-13 
68%:30%:02% 251 0.43±0.0019 0.0171 2.65 × 10-13 
67%:30%:03% 248 0.44±0.0042 0.0175 2.78 × 10-13 
64%:35%:01% 237 0.42±0.0063 0.0178 2.88 × 10-13 
63%:35%:02% 233 0.42±0.0048 0.0166 2.51 × 10-13 
62%:35%:03% 229 0.42±0.0009 0.0169 2.59 × 10-13 
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The effective calcium diffusion coefficients (2.08 – 3.12 ×10-13 m2⋅s-1) obtained 
were within the range (1.2  – 2.9 × 10-13 m2·s-1) of those of stabilized FGD:Class C fly 
ash:lime blocks that survived in the saltwater for more than eight years (Hockley and van 
der Sloot, 1991). Edwards and Duedall (1985) studied stabilized, power plant coal waste 
(SPCW) made of fly ash and FGD in both fresh and seawater. Their results concluded 
that the fly ash:FGD blocks, that had the effective calcium diffusion coefficient in a range 
1.4-2.8 × 10-13 m2·s-1, would survive on a long-term basis when submerged in seawater. 
As both PG and FGD contain the same major component (i.e. CaSO4·2H2O), the PG 
briquettes are expected to survive over the long-term in the marine environment (Guo et 
al., 2003). The effective calcium diffusion coefficients obtained in this study were also 
similar to the results from previous research by Guo et al., (2001) for PG:Class C fly 
ash:Portland Type II cement composites that survived in the saltwater for more than two 
years where the values of calcium De ranged 0.83 – 2.2 ×10-13 m2⋅s-1.  
Referring to the evaluation matrix (Table 2.3) set up for screening, the 
73%:25%:02%, 69%:30%:01%, 68%:30%:02%, 63%:35%:02% and 62%:35%:03% 
PG:Class C fly ash:Portland Type II cement composites combinations met the effective 
calcium diffusion coefficient criteria (i.e. Ca2+ release ≤ 2.65 ×10-13 m2⋅s-1). 
2.3.1.3  Effective Sulfate Diffusion Coefficients 
 Comparatively, the 73%:25%:02%, 69%:30%:01%, 64%:35%:01% 
63%:35%:02% and 62%:35%:03% PG:Class C fly ash:Portland Type II cement 
composites leached less sulfate during the dynamic leach test. This was expected as, in 
comparison, these PG composites possessed relatively lesser PG content than the other 
compositions. The only exception was the 73%:25%:02% PG:Class C fly ash:Portland 
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Type II cement composites that despite having higher PG content (73%), leached less 
amount of sulfate and also showed promising results in the submergence study. After 14 
days of leaching, almost constant cumulative sulfate flux rates were observed for all of 

































77% :20% :03% 73% :25% :02% 72% :25% :03%
69% :30% :01% 68% :30% :02% 67% :30% :03%
64% :35% :01% 63% :35% :02% 62% :35% :03%
 
Figure 2.5: Cumulative sulfate flux rates for the nine PG:Class C Fly ash:Portland Type 
II cement combinations during the 28-day dynamic leach test 
 
The effective sulfate diffusion coefficients (De, m2⋅s-1) for all nine combinations 
obtained using the regression analysis data given in Table 2.7 ranged 2.45 – 4.36 × 10-13 
m2⋅s-1. These effective sulfate diffusion coefficients also exceeded the effective calcium 
diffusion coefficients by an average (Sulfate De/Calcium De) ratio of 1.2, which is 




Table 2.7: The effective sulfate diffusion coefficients (De, m2·s-1) calculated from the 
regression analysis for the initial nine PG composites subjected to a 28-day dynamic 
leaching study 
PG:Class C fly ash:Portland 
Type II cement   
Co, theo. 
(mg·cm-3) 




 Sulfate De 
(m2·s-1) 
77%:20%:03% 683 1.82 ± 0.4974 0.02191 4.36 × 10-13 
73%:25%:02% 647 1.71 ± 0.5720 0.01650 2.47 × 10-13
72%:25%:03% 638 1.77 ± 0.4930 0.02069 3.89 × 10-13
69%:30%:01% 612 1.71 ± 0.4977 0.01828 3.04 × 10-13
68%:30%:02% 603 1.72 ± 0.4970 0.01923 3.36 × 10-13
67%:30%:03% 594 1.72 ± 0.4876 0.01886 3.23 × 10-13
64%:35%:01% 567 1.69 ± 0.4876 0.01794 2.93 × 10-13
63%:35%:02% 558 1.68 ± 0.4853 0.01854 3.13 × 10-13
62%:35%:03% 550 1.67 ± 0.4815 0.01642 2.45 × 10-13
 
Ibáňez et al., (1998) conducted research on stabilized FGD:Class C fly ash blocks 
to study the long-term leaching behavior of the composites through a dynamic leaching 
test. They concluded that after 1 year of landfill, the composites had sulfate diffusivities 
in a range of 0.41 – 2.01×10-14 m2⋅s-1. Although the sulfate effective diffusion coefficients 
obtained in this research are one order higher to the sulfate leaching results by Ibáňez et 
al., (1998), the increase in effective diffusion coefficients may be attributed to the 
different conditions they are being applied to and also the percent reduction of the 
binding agents such as Class C fly ash and Portland Type II cement in the composite. 
Referring to the evaluation matrix (Table 2.3) set up for the screening, the 
73%:25%:02%, 69%:30%:01%, 64%:30%:01%, 63%:35%:02% and 62%:35%:03% 
PG:Class C fly ash:Portland Type II cement composites combinations met the effective 
sulfate diffusion coefficient criteria (i.e. SO42- release ≤ 3.15 ×10-13 m2⋅s-1).  
2.3.1.4  Economic Analysis 
 For the screening purposes, the local ingredient costs of Portland Type II cement 
($73.50/ton) and Class C fly ash ($25/ton) in Tampa, Florida for the year 2001 were used 
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in an economic analysis developed by Rusch et al., (2001) to determine the production 
costs of these composites. This economic analysis was based on the annual cost of a 
hypothetical PG briquetting plant located in Riverview, Florida with 4.1 million metric 
tons annual briquette production capacity and a ten-year service life, is 61.3 million 
dollars.  Table 2.8 lists a comparative summary of the economic analysis performed to 
estimate the past and current production costs of the briquettes for the years 2001 and 
2003 in both Florida and Louisiana. For both the years, the annual inflation rate is 
assumed to be 1.025. Considering the past and current economy, the annual interest rate 
is assumed to be 8% for the year 2001 and 5% for the year 2003. 
Table 2.8: A comparative summary of the economic analysis performed to estimate the 
production costs of the PG composites for the years 2001 and 2003 in both FL and LA 
Production Cost ($·ton-1) (a) 
Year – 2001 (b) Year – 2003 
PG:Class C fly 
ash:Portland 
Type II cement  Florida (c) Louisiana (d) Florida (e) Louisiana (f) 
77%:20%:03% 10.15 9.03 11.36 11.33 
73%:25%:02% 10.62 9.12 11.94 11.81 
72%:25%:03% 11.30 9.86 12.72 12.65 
69%:30%:01% 11.10 9.22 12.51 12.30 
68%:30%:02% 11.78 9.96 13.30 13.13 
67%:30%:03% 12.46 10.70 14.08 13.96 
64%:35%:01% 12.26 10.05 13.87 13.61 
63%:35%:02% 12.94 10.79 14.66 14.45 
62%:35%:03% 13.62 11.53 15.45 15.28 
(a) Costs are estimated without factoring the offset cost of PG disposal and raw PG water contents 
(b) The Year – 2001 costs in Florida are used while screening the nine PG composite combinations 
(c) Estimated using the local costs in Tampa FL. for Portland Type II cement ($73.5/ton) and Class C fly 
ash ($25/ton) (As per Davis, 2001) 
(d) Estimated using the local costs in Baton Rouge, LA. for Portland Type II cement ($80/ton) and Class 
C fly ash ($18/ton) (As per Davis, 2001) 
(e) Estimated using the local costs in Tampa FL. for Portland Type II cement ($85.2/ton) and Class C fly 
ash ($29.38/ton) (As per Davis, 2003)  
(f) Estimated using the local costs in Baton Rouge, LA. for Portland Type II cement ($90.04/ton) and 
Class C fly ash ($28.46/ton) (As per Knapp, 2003 and Weems, 2003) 
 
 Comparing the costs (Table 2.8), all nine PG composite combinations will have a 
production cost below $13.62 per ton, the cost of the 62%:35%:03% PG composite. It is 
evident from the cost comparisons above that the production cost of the briquette largely 
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depends on the cost of the Class C fly ash locally available and not on the cost of the 
Portland Type II cement. These costs do not include any offset for the disposal of PG. It 
was also considered that the raw PG will be obtained free of cost. The 73%:25%:02% 
PG:Class C fly ash:Portland Type II cement composite, which showed promising results 
in both the four-month field submergence study and the 28-day dynamic leaching study 
has a production cost of $10.62 per ton, $3.00 per ton less than the cost for 
62%:35%:03% PG:Class C fly ash:Portland Type II cement composite. 
2.3.2 The Selection of the Best Four Combinations 
 Based on the results obtained from the field submergence study, it was noted that 
four out of the nine PG:Class C fly ash:Portland Type II cement composite combinations 
held up in good shape with no signs of degradation after four months of submergence. 
Since the composites placed in natural saltwater conditions will better demonstrate the 
true physical integrity of the PG briquettes, the results from the submergence tests were 
used as a major criterion for the screening. The effective calcium and sulfate diffusion 
coefficients from the 28-day dynamic leaching study indicated that five out of the nine 
PG composite combinations met the calcium leaching criteria (Table 2.9). Although the 
69%:30%:01%  PG:Class C fly ash:Portland Type II cement composite met both the 
calcium and sulfate De criteria, the composite failed to demonstrate promising results in 
the field submergence tests which further makes sense as it did not meet the cement 
proportion criterion. The estimated cost ($13.62 per ton) of the control combination i.e. 
the 62%:35%:03% PG composite was used as a cut-off for selecting the combinations. 
The production costs per ton for all other combinations were below $13. In the evaluation 
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matrix (Table 2.9), the combinations meeting the respective criteria are marked as ‘  ’ 
whereas, the combinations that did not meet the respective criteria are marked as ‘ ’. 
Table 2.9: An evaluation matrix used for screening the best four PG briquette 
combinations based on the saltwater submergence test, the calcium and sulfate effective 
diffusion coefficients (De), cement content and the estimated cost for the year 2001 
PG:Class C fly 
ash: Portland 














77%:20%:03%      
73%:25%:02%      
72%:25%:03%      
69%:30%:01%      
68%:30%:02%      
67%:30%:03%      
64%:35%:01%      
63%:35%:02%      
62%:35%:03%      (a) 
   (a) Production cost per ton ($ 13.62) of the 62%:35%:03% PG:Class C fly ash:Portland Type II cement 
composites was used as a cut-off for selecting the best combinations 
 : The combination met the respective criteria 
   : The combination did not meet the respective criteria 
 
 The PG composite combinations meeting all of the five selection criteria were 
selected for further testing. The only exception was the 67%:30%:03% PG composite that 
did not comply with the allowable calcium and sulfate De criteria, but was selected in the 
best four group based on its survivability results from the field submergence study. 
Furthermore, the effective calcium and sulfate De for the 67%:30%:03% PG composite 
were not significantly different from that of the criteria.  
On the other hand, although the 64%:35%:01% PG:Class C fly ash:Portland Type 
II cement composite met the sulfate De criteria, it was not selected in the best four group 
because of its low cement content (1%) and low PG content (64%) than the 
67%:30%:03% PG:Class C fly ash:Portland Type II cement composite. Hence, the best 
four PG:Class C fly ash:Portland Type II cement composite briquette combinations 
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selected were 73%:25%:02%, 67%:30%:03%, 63%:35%:02% and 62%:35%:03%  and  
are highlighted in bold in the evaluation matrix for screening. 
2.3.3 Phase II: Evaluation of the Selected Final Four Combinations 
In the ‘Phase II’ of the research, the best four compositions were re-fabricated for 
further evaluation. Randomly selected 63%:35%:02% PG:Class C fly ash:Portland Type 
II cement combination was fabricated in two different sizes (designated as ‘small’ and 
‘large’ sizes with approximate volumes of  9 and 30 cm3, respectively) using both the 
‘oven-dried’ and ‘air-dried’ raw PG, separately. To ensure the reproducibility of the 
calcium and sulfate leaching data obtained in Phase I, as well as to observe the leaching 
behavior of Ra and toxic metals present in the composite, the dynamic leaching test was 
carried out again with an extended leaching period up to 77-days. 
Only a single set of small, oven-dried PG briquette composition for all of the best 
four combinations was analyzed for radium diffusivity whereas, for the same composites, 
the leachate samples were analyzed in triplicate for the heavy metals such as Cr3+, Cu2+, 
Zn2+, Fe2+, Pb2+ and Cd2+. While estimating the effective diffusion coefficients of 
calcium, sulfate and heavy metals, the total constituent concentration  (Co,expr., mg⋅cm-3) 
determined using the acid digestion analysis (USEPA Method: 3050) was used. For the 
estimation of the radium diffusion coefficients, the total radium content (i.e. Co, pCi⋅cm-3) 
for each combination was calculated using the average radium concentration (37.24 
pCi⋅g-1) present in the raw PG. The concentrations of the trace elements that are on 
EPA’s toxicity list (e.g. Arsenic, Cadmium, Lead and Selenium) were determined 
through Toxicity Characteristics Leaching Procedure (TCLP) for the raw 
phosphogypsum as well as the best four PG composite compositions. 
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2.3.3.1  Effective Calcium and Sulfate Diffusion Coefficients  
  Table 2.10 summarizes both the effective calcium and sulfate diffusion 
coefficients obtained from the 77-day dynamic leaching data for the best four 
compositions. The Ca2+ De for all the combinations ranged 1.36–8.04×10-13 m2⋅s-1 
whereas, the SO42- De for all the combinations ranged 2.96 – 7.20 ×10-13 m2⋅s-1.  
Table 2.10: The effective calcium and sulfate diffusion coefficients (De, m2·s-1) 
calculated from the regression analysis for the best four PG:Class C fly ash:Portland 
Type II cement composites subjected to a 77-day dynamic leaching study 





73%:25%:02% Small/Oven Dried PG 1.75 × 10-13 2.96 × 10-13 
67%:30%:03% Small/Oven Dried PG 1.44 × 10-13 3.05 × 10-13 
62%:35%:03% Small/Oven Dried PG 1.36 × 10-13 3.25 × 10-13 
63%:35%:02% Small/Oven Dried PG 2.48 × 10-13 4.54 × 10-13 
63%:35%:02% Large/Oven Dried PG 8.04 × 10-13 7.20 × 10-13 
63%:35%:02% Small/Air Dried PG 6.53 × 10-13 5.71 × 10-13 
63%:35%:02% Large/Air Dried PG 7.88 × 10-13 6.84 × 10-13 
 
 Comparing the data to that of the diffusion coefficients obtained during the 
screening phase, it was noticed that for all of the best four combinations, the effective 
calcium and sulfate diffusion coefficients met the De ≤ 10-13 m2⋅s-1 criteria and that the 
data are reproducible. It can also be noted that, during the screening phase (i.e. Phase I), 
all of the nine PG briquette compositions fabricated were of the small size (approximate 
volume being 8.5 cm-3) and the raw PG used was ‘oven-dried’. Comparing the leaching 
results of the best four compositions tested (small size, oven-dried PG) to that of the nine 
combinations tested in the screening phase, it was noticed that, the best four 
combinations leached less calcium and sulfate ions than the initial nine combinations. 
The reduction in the diffusion coefficient values can be attributed to the higher 
compaction pressure and lower water content used to fabricate the best four PG 
 51
composites than that of the composites fabricated during the screening phase. The more 
intact the composite matrix, the less will be the porosity and hence less amount of the 
contaminant will be diffused. On the other hand, relatively higher leaching results were 
seen for the bigger briquettes (Table 2.10). Although the PG composite briquettes 
fabricated using the ‘air-dried’ PG indicated comparatively high calcium and sulfate 
effective diffusion coefficient values (Table 2.10), the data is insufficient to judge 
whether the temperature and the drying method used for the raw-moist PG play an 
important role in the composite’s performance.  
 Illustrative plots of cumulative Ca2+ and SO42- flux rates versus the 77-day 
dynamic leaching period for the best four PG composite combinations (Figures 2.6 and 
2.7) indicate that both the calcium and sulfate cumulative flux rates remain almost 
constant after 28 days of leaching. Hence, a 28-day dynamic leaching test may be used to 
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Figure 2.6: Cumulative calcium flux rates for the best four PG:Class C Fly ash:Portland 
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Figure 2.7: Cumulative sulfate flux rates for the best four PG:Class C Fly ash:Portland 
Type II cement combinations during the 77-day dynamic leach test 
 
2.3.3.2   Investigation of the Potential for the Formation of Magnesium Compounds 
In addition to the diffusion, some other physical or chemical process (e.g. ion 
exchange) might occur in the saltwater-stabilized waste system as the saltwater contains 
relatively high concentrations of several ions (Edwards and Duedall, 1985). The 
formation of salt ions may replace the macro-element (Ca2+ and SO42-) release in the PG 
composite matrix. Hence, the leachate samples from the 77-day dynamic leaching study 
were also analyzed for divalent cations (especially Mg2+) using the Ion Chromatograph to 
investigate whether they were involved in the precipitation of any magnesium compound 
(salts such as Magnesium Sulfate, Magnesium Carbonate or Brucite). The accumulation 
of the precipitated magnesium salts into the pore spaces of the composite may or may not 
be beneficial for its long-term survival. Basic concepts from general chemistry were 
followed to relate the activity of these potential magnesium compounds to the respective 
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solubility product (Ksp). The activities were determined from the molar concentrations of 
the ions involved and their ‘free’ activity coefficients (γ) in natural saltwater.  
For example, in the case of the magnesium sulfate, the ion activity product was 
determined as: 
{MgSO4}= γMg [Mg2+] × γSO4 [SO42-]                                                                (2.21) 
where,      γMg = ‘free’ activity coefficient for magnesium in saltwater, 
    γSO4  = ‘free’ activity coefficient for sulfate in saltwater, 
[Mg2+] = magnesium ion concentration in the leachate sample (mol⋅L-1), and 
[SO42-] = sulfate ion concentration in the leachate sample (mol⋅L-1) 
The pH of the leachate sample was used to determine [OH-] whereas, [CO32-] was 
determined from the carbonate alkalinity (mg⋅L-1 as CaCO3). Table 2.11 lists a summary 
of the mean ion activity products calculated for the magnesium salts. 
Table 2.11: Determination of the mean ion activity products for the potential magnesium 
compounds and their comparison with the respective solubility products (Ksp) 
Mean Ion Activity Product (a) PG:Class C fly 
ash:Portland 
Type II cement {MgSO4} 
(b) {MgCO3} (c) {Mg(OH)2} (d) 
73%:25%:02% 1.58 × 10-5 1.47 × 10-6 1.84 × 10-14 
67%:30%:03% 1.53 × 10-5 1.45 × 10-6 2.09 × 10-14 
63%:35%:02% 1.55 × 10-5 1.46 × 10-6 2.02 × 10-14 
62%:35%:03% 1.59 × 10-5 1.55 × 10-6 2.09 × 10-14 
(a) Product of the mean molar concentrations of the ions and their respective ‘free’ activity coefficients in 
seawater. The ‘free’ activity coefficient (γ) for Mg2+ = 0.36, SO42- = 0.12 and CO32- = 0.20 (after 
Garrels and Thompson, 1962; Stumm and Morgan, 1996). 
(b) Mean {MgSO4} < Ksp for MgSO4  (i.e. 5.90 × 10-3, after Sawyer et al., 1994)   
(c) Mean {MgCO3} < Ksp for MgCO3 (i.e. 4.0 × 10-5, after Sawyer et al., 1994) 
(d) Mean {Mg(OH)2} < Ksp for Brucite (i.e. 9.0 × 10-12, after Sawyer et al., 1994) 
 
 For each composite combination, the ion activity products for all magnesium 
compounds were well below the respective Ksp values. According to general solubility 
rules established to determine the solubility of any compound in water, all sulfates are 
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soluble (except calcium sulfate and barium sulfate) whereas, the carbonates, sulfides, 
oxides and hydroxides are usually insoluble in water (Stumm and Morgan, 1996). 
Therefore, magnesium sulfate may not be precipitated into the leachate. Moreover, a high 
pH environment (usually 11 or greater) is needed for brucite (i.e. Mg(OH)2) to form in 
any solution (Stumm and Morgan, 1996).  
 In a saturated solution, the ion activity product is greater than the solubility 
product constant (Sawyer et al., 1994). However, the ion activity product for all of the PG 
compositions tested was observed to be greater than their respective solubility product 
constants (Table 2.11). Hence, it may be predicted that, the leachate solution will never 
reach a saturation state to precipitate enough magnesium hydroxide or magnesium 
carbonate.  
2.3.3.3  Diffusion of Heavy Metals  
The leachate samples from the 28-day dynamic leaching study were analyzed for 
Cr3+, Cu2+, Zn2+, Fe2+, Pb2+ and Cd2+ using Inductively Coupled Argon Plasma 
Spectroscopy (ICAP) (Table 2.12).  
Table 2.12: A Summary of heavy metal concentrations observed in the leachate samples 
for the best four PG compositions 
Mean Metal Conc. in the Leachate (mg·L-1) ± S.D. (n=3)  PG:Class C fly 
ash:Portland 
Type II cement Cr3+ Cu2+ Zn2+ Fe2+ Pb2+ Cd2+ 












































EPA Toxicity Limits (a) 5.0 NA (b) NA NA 5.0 1.0 
(a) Source: 40 CFR 261.24 (USEPA, 1999) 
(b) NA: Not applicable 
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   Illustrative plots of the cumulative flux rates versus the 28-day leaching period for 
Cu2+, Zn2+, Fe2+, Pb2+ and Cd2+ for the best four PG composite combinations are 
presented in Appendix L and a representative example for the cumulative flux rates of 
































73% :25% :02% 67% :30% :03%
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Figure 2.8: Cumulative chromium flux rates for the best four PG:Class C Fly 
ash:Portland Type II cement combinations during the 28-day dynamic leach test 
 
  The metal concentrations were well below the current USEPA toxicity limits for 
all combinations. The effective metal diffusion coefficients were obtained using 
cumulative fluxes of the metal concentrations for each composition. The total metal 
concentration (Co,expr, mg⋅cm-3) initially present in the composite was determined using 
the acid digestion analysis (USEPA Method: 3050). For Pb2+ and Cd2+, the Co,expr values 
were not detected by ICAP; hence, the effective diffusion coefficients were not 
determined for Pb2+ and Cd2+. Table 2.13 lists the effective diffusion coefficients for 
Cr3+, Cu2+, Zn2+ and Fe2+. 
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Table 2.13: Effective metal diffusion coefficients (De) for the best four PG compositions 
with a comparison to the literature values 
Metal De (m2⋅s-1) PG Composite 
De, Cr3+ De, Cu2+ De, Zn2+ De, Fe2+ 
73%:25%:02% 8.85×10-13 5.14×10-12 3.68×10-14 9.37×10-16 
67%:30%:03% 9.29×10-13 8.92×10-12 3.74×10-14 9.66×10-16 
63%:35%:02% 9.47×10-13 7.81×10-12 8.12×10-14 9.68×10-16 
62%:35%:03% 9.33×10-13 4.79×10-12 4.12×10-14 8.36×10-16 
Tracer or self De in 
seawater (a) 5.94×10
-10 7.33×10-10 7.15×10-10 7.19×10-10 
Raw PG in saturated 
chloride solution (b) 4.1×10
-10 NA (c) NA 4.89×10-10 
Stabilized synthetic 
waste (d) 9.0×10
-9 NA ~ 10-15 NA 
(a) After Li and Gregory (1974)                 
(b) After Gokmen (1995)            
(c) NA: Not available   
(d) Samples contained heavy metals and ordinary Portland cement mixed with pulverized fuel ash (after 
Poon et al., 2001) 
 
 It was observed that the leachabilities of the interested species in all of the 
compositions tested varied greatly. Of all the heavy metal species, Fe2+ had the lowest 
leaching rate. The orders of the mean leachabilities of the heavy metals were Cu2+ > Cr3+ 
> Zn2+ > Fe2+. 
 Li and Gregory (1974) studied the diffusion of ions in seawater. They conducted 
the diffusion experiment using a two-compartment system filled with same diffusion 
medium (e.g. seawater agar gels), with the exception that, one cell was homogeneously 
spiked with a radioactive tracer of a given cation. When compared with the tracer 
diffusion coefficients for Cr3+, Cu2+, Zn2+and Fe2+ (obtained by Li and Gregory as listed 
in Table 2.13), much lower values of the effective De were observed for all the PG 
compositions.  
Poon et al. (2001) conducted a flow-through leaching test to study the heavy 
metal diffusion for two types of synthetic sludge containing heavy metals and ordinary 
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Portland cement mixed with pulverized fuel ash. Their results concluded that the 
diffusivity values increase continuously during the leaching period due to the degradation 
of the solidified waste matrix. The heavy metal diffusivities (obtained by Poon et al. as 
listed in Table 2.13) were also higher than those obtained by conducting a 28-day 
dynamic leaching test for the PG composites in this research.  
Moreover, higher De values were also observed (Gokmen, 1995), when a column-
leaching test was conducted  (a) to determine the diffusion coefficients of compacted raw 
PG specimens in a saturated chloride solution and (b) to understand the leaching behavior 
of the chemical species through raw PG due to possible saltwater intrusion. Gokmen 
concluded that, the chloride particles may attract some of the metals, thereby reducing 
their adsorption by solids and causing precipitation or some other aqueous phase 
reactions. However, higher pH environment (usually 9 or greater) is needed for the 
solutions containing metals to reach their lowest solubility and produce respective 
insoluble precipitates of metal hydroxides (or metal-salts) (LaGrega et al., 2001; Poon et 
al., 2001; Yilmaz et al., 2003). Thus, the possibility of the precipitation of the metal-salts 
in the leachate samples analyzed in this research is even minimized, as the raw PG is 
acidic in nature and also the pH of the leachate containing stabilized PG composites 
ranges between 7 to 8. Furthermore, the lower diffusivity values of the heavy metals 
observed may be due to the higher compaction pressure and lower water content used to 
fabricate the best four PG composites. 
2.3.3.4  Radium226 Measurements  
 Figure 2.9 illustrates a combined plot for the cumulative radium flux rates 
(pCi⋅cm-2⋅d-1) during a 28-day dynamic leaching study performed on the best four PG 
 58
composite combinations. The cumulative amount of Radium226 leached showed an almost 
linear rate of increase. The leach rates were higher in the first 3 to 5 days of the leaching 
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Figure 2.9: Cumulative Ra226 flux rates for the best four PG:Class C Fly ash:Portland 
Type II cement combinations during the 28-day dynamic leach test 
 
The Ra226 concentrations for all of the tested combinations ranged well below 5 
pCi⋅L-1 which is the current EPA regulation (USEPA, 2002b) for the amount of Ra226 
concentration in safe drinking water. The initial Radium226 concentration for the PG used 
in this study was 37.24 pCi⋅g-1 and the total amount of radium available for leaching from 
all combinations averaged 460.84 pCi. However, on an average, only 1.08 pCi of 
(cumulative) Ra226 was leached after the 28-day dynamic leach test. Hence, as illustrated 
in Table 2.14, the percent release of the available radium for each combination was found 
to be very low (highest value of 0.264%). This indicates that, 99.77% of the initial Ra226 
present in the raw PG is still remained in the stabilized composite.  Thus, the stabilization 
technique implied for the PG composites would result in a high-degree of effectiveness.  
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Table 2.14: Summary of the initial Ra226 content, cumulative Ra226 leached after the 28-
day dynamic leaching test and the percent release of the available Ra226 for each of the 
best four PG composite combinations 
PG:Class C fly 
ash:Portland 
Type II cement 




Leaching  (pCi) 
Cumulative 
amount of Ra226 
Leached (pCi)  
% 
Release 
73%:25%:02% 56.23 507.8 1.074 0.212 
67%:30%:03% 51.61 466.1 1.067 0.229 
63%:35%:02% 48.53 438.2 1.157 0.264 
62%:35%:03% 47.76 431.3 1.033 0.239 
 (a) Initial Ra226 concentration for the raw PG used in this study was 37.24 pCi⋅g-1 (IMC-Agrico Co., Uncle 
Sam Operations, LA, 2003) 
 
Fan (1997) studied the leaching characteristics (especially the leaching of Ra226 
and toxic metals such as Pb and As) and structural integrity of the cement-stabilized 
phosphogypsum (CSPG) composites subjected to both fresh and saltwater submergence 
and the research concluded that the toxic constituents can be effectively solidified and 
stabilized in the cement-waste matrix. The effective Ra226 diffusion coefficients results 
presented herein this research (Table 2.15) were very close to the results of average 
apparent Ra226 diffusivities (10-17-10-16 m2⋅s-1) obtained by Fan (1997) for the stabilized 
PG:Cement composites immersed in saltwater.  
Table 2.15: Radium effective diffusion coefficients (De) calculated using the regression 
analysis on the data obtained from a 28-day dynamic leaching study 
PG:Class C fly ash:Portland Type II cement Radium De (m2·s-1) 
73%:25%:02% 2.37 × 10-17 
67%:30%:03% 5.41 × 10-17 
63%:35%:02% 5.67 × 10-17 
62%:35%:03% 3.88 × 10-17 
 
2.3.3.5 TCLP Results  
 USEPA specifies toxicity characteristic limits based on the metal concentrations 
in the TCLP leachates and if even one compound exceeds the level specified, then the 
original waste is considered as a hazardous waste (LaGrega et al., 2001). The TCLP 
leachates for each composite composition as well as raw PG were analyzed for trace 
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metals that are on EPA’s list of toxic elements such as arsenic, cadmium, lead and 
selenium. Table 2.16 illustrates a comparison of the TCLP results with the USEPA 
toxicity characteristic limits and safe drinking water standards for toxic metals. 
Table 2.16: Comparison of the TCLP results with the USEPA toxicity characteristic 
limits and safe drinking water standards for toxic metals 
TCLP Leachate Concentration (mg⋅L-1) PG:Class C fly 
ash:Portland 
Type II cement As Cd Pb Se 
73%:25%:02% 0.24 0.16 0.16 0.32 
67%:30%:03% 0.22 0.12 0.28 0.30 
63%:35%:02% 0.18 0.10 0.16 0.14 
62%:35%:03% 0.16 0.14 0.20 0.17 
Raw PG (a) 1.0 – 5.0 0.3 – 0.4 2.0 – 10.0 1.0 
EPA Regulatory 
Limits (b) 5.0 1.0 5.0 1.0 
MCL in Drinking 
Water (c) 0.05 0.01 0.05 0.05 
                                (a) After Taha and Seals, 1992  
                                (b) Source: 40 CFR 261.24 (USEPA, 1999) 
                                (c) Maximum Contaminant Level (USEPA Safe Water Drinking Act, revised in 1999) 
 
All the metal concentrations in the TCLP leachate analyzed for each PG 
composite combination were well below the respective regulatory levels. However, the 
leachate concentrations for these composites did not comply satisfactorily with the 
drinking water standards. 
2.4 Conclusions 
 Methods for stabilizing phosphogypsum by mixing it with Class C fly ash and 
Portland Type II cement were investigated. This research was aimed at screening the best 
four PG:Class C fly ash:Portland Type II cement compositions that are stable enough to 
survive under natural saltwater conditions and are also economically feasible to fabricate. 
This application show promises to minimize or lessen the radon exposure as the heavy 
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metals and the radionuclide contaminants get immobilized in the waste matrix thereby 
regulating its migration into the environment. 
Nine PG:Class C fly ash:Portland Type II cement combinations were subjected to 
a 28-day dynamic leaching study to investigate its chemical stability. The composite’s 
structural stability was observed by means of a four-month field submergence study 
under natural saltwater conditions. The effective calcium, sulfate, heavy metals and Ra226 
diffusion coefficients determined using the regression analyses are compatible to those 
obtained from previous researches.     
The 73%:25%:02%, 67%:30%:03%, 63%:35%:02% and 62%:35%:03% PG:Class 
C fly ash:Portland Type II cement composites were selected as the best four out of the 
nine combinations tested.  These composites showed promising results with no signs of 
degradation after four months of saltwater submergence. The Ra226 concentrations 
leached out of these composites in the saltwater over the 28-day dynamic leaching period 
were observed to be safe, and ranged well below the current EPA regulation for the 
amount of Ra226 concentration in safe drinking water (5 pCi⋅L-1). The radium analysis 
results also indicated that, average 99.77% of the leachable Ra226 concentration (that was 
initially present in the raw PG) still remained in the stabilized PG briquettes. The lower 
heavy metal De values indicated that stabilizing PG with Class C fly ash and Portland 
Type II cement might reduce the possibility of the formation of metal-salts.  
The 73%:25%:02% PG:Class C fly ash:Portland Type II cement composite 
demonstrated the lowest production cost ($10.62 per ton for the year 2001 in Tampa, 
Florida) among the best four selected combinations. 
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Chapter 3: Investigation of the Engineering Properties of the Stabilized 
Phosphogypsum:Class C Fly Ash:Portland Type II Cement Composites for 
Potential Use in Marine Environments  
 
3.1 Introduction 
Embankment structures are constructed of materials that usually consist of soil, 
but may also include rock, crushed paving material or aggregates. Every year, 
approximately 2.1 billion metric tons of aggregate are produced in the United States, that 
are generally used as a component in the manufacture of Portland cement concrete, 
asphalt concrete, plaster, railroad ballast, roads, building foundation or drainage and 
embankment fill, etc. (Nelson, 1997). Naturally occuring aggregates are sand, gravel, 
stones, or rocklike material of different shapes and sizes that degrade into particles after 
crushing. To provide a firm foundation for the embankment and also to facilitate drainage 
and prevent saturation, coarser materials are usually used at the base of the structure 
whereas the top portion consists of a well-compacted, high-quality subgrade material. 
The fill material used in an embankment structure should be capable of meeting 
applicable specification quality requirements and be capable of being placed and 
compacted at or close to its maximum achievable density (Chesner et al., 2002).  
Aggregates are divided into (a) natural or synthetic lightweight aggregates (SLA) 
(specific gravity, Gs < 2.2), (b) normal weight aggregates and (c) heavyweight (Gs > 4.0) 
aggregates (American Concrete Institute, 2000). SLAs are used in several applications for 
example, masonry blocks, lightweight fill behind retaining walls and in excavated 
trenches over utility pipelines, and lightweight structural concrete where lower dead loads 
are desirable (Kashi et al., 2001). Those are also used in different forms e.g. TerraLite 
Geofoam - an ultra-lightweight fill is used along with soil and vegetation in rooftop 
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landscaping projects (Wagoner, 2001); shredded or chipped tires mixed with soil have 
been used as a lightweight fill material for construction of roadway embankments and 
backfills behind retaining walls (Humphrey, 1996).  
 When used in construction of marine/coastal structures, the durability and 
structural properties of the aggregates/materials must be considered. While designing the 
coastal structures, the major engineering properties of soil that must be studied are: shear 
strength, compressibility and permeability (Whiteneck and Hockney, 1989). These 
properties must be studied to encounter the problems such as erosion, settlement, bearing 
capacity and slope stability. Other useful properties of soils in the design of structures 
include dry density, water content, specific gravity, grain-size distribution, plasticity 
characteristics, potential for resistivity and corrosion, chemical properties and durability. 
Embankments constructed of scrap tire have remained structurally stable to date, however 
in 1995, three shredded tire projects experienced combustion problems (Collins and 
Stanley, 1994). Innovative technologies are being developed to use stabilized industrial 
wastes mixed with Portland cement and/or fly ash for several construction applications, 
rather than disposing them straight into the landfills or storing in stacks. 
Phosphogypsum (PG, CaSO4·2H2O) – a solid by-product – is generated during the 
production of phosphoric acid, which is commonly manufactured in the United States by 
a ‘wet process’. In this wet process, the phosphate rock is reacted with sulfuric acid and 
water to produce phosphoric acid (H3PO4) and PG as a by-product. Phosphogypsum is 
produced at a phosphoric acid:PG ratio of 1:4.5-5.5 (USEPA, 2002). Hence, due to the 
sheer scale of the phosphoric acid production, a 1000 metric ton per day phosphoric acid 
plant produces upwards of 5500 metric tons per day of phosphogypsum (Fertilizer 
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International, 2002). It contains several impurities including the trace elements 
Aluminum, Barium, Lead, Arsenic, Chromium, Copper, Zinc, Cadmium and Selenium, 
as well as the radionuclides such as Ra226 and U238. The Ra226 radionuclide is of particular 
concern as it decays to produce radon gas (Rn222), which has a 3.8 days half-life. As 
radon gas further decays, alpha particles are emitted, which are known to cause 
significant damage to internal organs. The USEPA, therefore, classified phosphogypsum 
as a “Technologically Enhanced Naturally Occurring Radioactive Material ” (TENORM) 
(USEPA, 2002). The current allowable disposal method for PG is stockpiling (Federal 
Register, 40 CFR Part 61 Subpart I, December 15, 1989).   
Various alternatives for disposing PG are being sought to decrease risks to 
humans and the environment, and to reduce the cost of storage. Fertilizer industries need 
to investigate effective and economical long-term solutions to minimize the space and 
environmental problems caused by the accumulation of PG in stacks. The utilization of 
PG has evolved along three broad categories: chemical raw material, agricultural 
applications and construction materials (FIPR, 2001). Stabilizing PG with Class C fly ash 
and Portland Type II cement for use as in marine environment may provide a feasible 
alternative to minimize the accumulation of PG in stacks.  
Thimmegowda (1994) examined the unconfined compressive strength of various 
mixtures of cement stabilized phosphogypsum (CSPG) composites to determine their 
usefulness as a secondary material for different construction purposes such as road and 
embankment construction. The USEPA approved toxicity characteristic leaching 
procedure (TCLP) (Method 1311, 1992) was conducted to determine the leaching of 
toxic metals Lead, Cadmium, Mercury, Silver, Chromium and Barium from the 
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composites. The results indicated that the trace metals leached in very small amounts 
from both the raw and CSPG. The contaminant concentrations were found to be well 
within the USEPA regulatory limits.   
Holmstrom and Swan (1999) studied stabilized synthetic lightweight aggregates 
(SLAs) containing mixtures of coal fly ash and high-density polyethylene (HDPE) for 
their geotechnical properties such as specific gravity, grain size distribution and one-
dimensional compression. The research concluded that the SLAs could be used in several 
geotechnical applications as a lightweight fill around foundations and embankments and 
as a drainage material around retaining walls and in utility trenches. 
Several researchers have carried out studies to investigate the volume change 
behavior of cement stabilized PG to that of a typical Louisiana pavement base coarse 
material such as a cement stabilized silty-soil (CSSS) (Joshi, 1997) and also to investigate 
the use of PG mixed with fly ash as a component of flowable fill (Gandham, 1995).  
While investigating its potential as a construction material, the engineering 
properties of PG should be well understood to ensure its physical strength and stability 
under submerged conditions. Researchers at Louisiana State University investigated 
methods for stabilizing PG aiming towards the development of a stabilized composite 
that can be used as a fill material in marine/coastal applications (Rusch et al., 1998, 2001; 
Guo et al., 1998, 1999, 2001). Figure 3.1 illustrates a schematic of a potential application 
of the stabilized PG:Class C fly ash:Portland Type II cement  composites as an 






“PG + Fly Ash + Cement”
Composite Briquettes
Limestone Armour
Geotextile Fabric  
Figure 3.1: Schematic of the application – The stabilized PG:Class C Fly ash:Portland 
Type II cement composite for use as a fill material 
 
3.2 Materials and Methodology   
In this research, the engineering properties of the PG:Class C fly ash:Portland 
Type II cement composite briquettes were studied to (a) understand the physical 
characteristics of the composite and (b) investigate the potential for use in mechanically 
stabilized embankment fills.  
Nine combinations of PG:Class C fly ash:Portland Type II cement composite 
briquettes were immersed in natural saltwater for a year to screen the best four 
compositions based on their long-term survivability and structural integrity under 
continuous submergence conditions.  The standard compaction characteristics and 
specific gravity of the briquettes were also determined. Sieve analysis tests were followed 
after the compaction test to determine the magnitude of physical degradation as a result 
of the compaction effect. Surface hardness and dry and wet weight studies were 
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performed on the PG briquettes to determine the surface characteristics and porosity of 
the PG composites, respectively.  
3.2.1 Raw Material Characterization 
 
3.2.1.1 Physical and Chemical Properties of Phosphogypsum 
 Raw phosphogypsum (PG) was obtained from IMC-Agrico Co., Uncle Sam 
Operations, Louisiana. The PG was oven-dried at 45oC for 12 hours and ground to pass 
through a US Standard Sieve # 10. Precautions were taken to verify and maintain the 
temperature in the oven so that only free water was removed. Oven dried PG was sealed 
in plastic bags to avoid moistening of the PG. Table 3.1 lists typical physical properties 
of phosphogypsum produced in Florida whereas the phosphogypsum produced in other 
states (e.g., Louisiana or Texas) may exhibit somewhat different characteristics. 
Table 3.1: Typical physical properties of phosphogypsum (After Taha and Seals, 1992) 
Property Value 
Specific Gravity of Solids 2.32 – 2.35 
Free Moisture 8 – 18 % 
Fineness (< # 200 Sieve)  74 – 75 % 
Plasticity Little or no plasticity 
Maximum Dry Density (a)  1.470 – 1.670 g·cm-3 
Classification (ML) silty material as per USCS 
(a) Standard Proctor Compaction Unit Weight  (After Chang et al., 1989) 
 
 Table 3.2 presents a listing of some typical chemical analyses of phosphogypsum 
samples from different production areas (Taha and Seals, 1992). Phosphogypsum also 
contains the trace metals Arsenic, Silver, Barium, Cadmium, Chromium, Lead, Mercury 
and Selenium, which are on EPA’s list of potentially toxic elements. Typical trace 
element concentrations in phosphogypsum are listed in Table 3.3. The radionuclide 
concentrations in phosphogypsum, along with corresponding half-lives as identified by 
USEPA are listed in Table 3.4. 
 68
Table 3.2: Typical chemical composition of phosphogypsum (percent by weight) (a) 
Constituent Louisiana Texas Florida 
CaO 29 – 31 32.5 25 – 31 
SO4 50 – 53 53.1 55 – 58 
SiO2 5  – 10 2.5 3  – 18 
Al2O3 0.1 – 0.3 0.1 0.1 – 0.3 
Fe2O3 0.1 – 0.2 0.1 0.2 
P2O5 0.7 – 1.3 0.65 0.5 – 4.0 
F 0.3 – 1.0 1.2 0.2 – 0.8 
pH (b) 2.8 – 5.0 2.6 – 5.2 2.5 – 6.0 
(a) After Taha and Seals, 1992                                                                              
(b) Not measured as a percent 
 
Table 3.3: Typical trace element concentrations in phosphogypsum (After Taha and 
Seals, 1992) 
Trace Element Concentration (mg·L-1) 
Arsenic (As) 1.0 – 5.0 
Barium (Ba) 50.0 
Cadmium (Cd) 0.3 – 0.4 
Chromium (Cr) 2.0 – 5.0 
Lead (Pb) 2.0  – 10.0 
Mercury (Hg) 0.02 – 0.05 
Selenium (Se) 1.0 
Silver (Ag) 0.1 – 0.2 
U3O8 5.0  – 0.0 
 
Table 3.4:  Radionuclide concentrations in phosphogypsum (after USEPA, 1993) 
Radionuclide Concentration (pCi·g-1) Half-Life (Yr) 
U238 6.0 4.9 × 109 
U234 6.2 2.4 × 105 
Th230 13.0 8.0 × 104 
Pb210 26.0 2.2 × 101 
Ra226 33.0 1.622 × 103 
Po210 26.0 3.78 × 10-1 
 
3.2.1.2 Physical and Chemical Composition of Class C Fly Ash 
 Bayou Ash Inc., Erwinville, LA donated the Class C fly ash used in this study. 
Fly ash, a solid waste from coal of oil combustion in electric power plants, is a mixture of 
metallic oxides, silicates, and other inorganic particulate matter. When the fly ash meets 
the physical characteristics and chemical composition requirements outlined in ASTM 
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C618, it is referred as a Class C fly ash having self-cementing properties (Chesner et al., 
2002). The Class C fly ash used in this study possessed an average specific gravity of 
2.43 and the percent finer retained on US Sieve # 324 was 11.40 (Bayou Ash Inc., 2002). 
Table 3.5 presents the typical chemical analysis of the Class C fly ash used in this study.  
Table 3.5: Chemical analysis of Class C fly ash (As per Bayou Ash Inc., 2002) 
Element / Compound Content (%) 
Silicon Dioxide (SiO2) 34.46 
Iron Oxide (Fe2O3) 6.58 
Aluminum Oxide (Al2O3) 17.83 
Calcium Oxide (CaO) 27.24 
Magnesium Oxide (MgO) 6.07 
Sulphur Trioxide (SO3) 2.45 
Sodium Oxide (Na2O) 1.91 
Loss on Ignition (LOI) 0.13 
pH  12.2 
 
3.2.1.3 Chemical Composition of Portland Type II Cement 
 The Portland Type II cement used in this study was obtained from the River 
Cement Co., St. Louis, Missouri (Table 3.6). Portland Type II cement is a mild sulfate 
resisting cement. It is typically used for concrete in marine environment not subject to 
freezing and thawing (Whiteneck and Hockney, 1989). 
Table 3.6: Chemical analysis of Portland Type II cement (As per River Cement Co., 
2002) 
Element / Compound Content (%) 
Silicon Dioxide (SiO2) 21.43 
Iron Oxide (Fe2O3) 5.14 
Aluminum Oxide (Al2O3) 4.34 
Calcium Oxide (CaO) 63.85 
Magnesium Oxide (MgO) 0.90 
Sulphur Trioxide (SO3) 2.00 
Tricalcium Silicate (C3S) 52.79 
Tricalcium Aluminate (C3A) 2.81 
Tetracalcium Aluminate (C4AF) 15.64 





3.2.2 Fabrication of PG Composite Briquettes 
 The PG briquettes were fabricated at K.R. Komarek Briquetting Research, Inc., 
Anniston, Alabama, according to the nine combinations listed in Table 3.7. The 
incomplete factorial design method was applied to select ingredient combinations for the 
screening process. The lower bounds were 63%, 20% and 1% for PG, Class C fly ash and 
Portland Type II cement, respectively. Portland Type II cement was combined with Class 
C fly ash and dried/crushed/sieved PG.  
Table 3.7: Nine PG:Class C fly ash:Portland Type II cement combinations for fabrication 
and testing.(a) These combinations were selected using incomplete factorial design 
method and used for the screening process 
Phosphogypsum (%) Class C fly ash (%) Portland Type II cement (%) 
77 20 3 
73 25 2 
72 25 3 
69 30 1 
68 30 2 
67 30 3 
64 35 1 
63 35 2 
62 35 3 
(a) Percentages are based on dry weight of the combined ingredient. 
 
The appropriate component percentages were combined in a mechanically 
operated mixer for seven to eight minutes. The properly homogenized mixture was then 
compacted into briquettes between two rolls cantilevered on the ends of shafts outside the 
bearing blocks (Figure 3.2). The composites were allowed to cure at room temperature 
and 100% humidity for one month before testing. Table 3.8 lists the differences in 
physical parameters of the PG briquettes fabricated before and after the screening of the 
best four combinations. The composites were allowed to cure at room temperature (23oC) 
and 100% humidity in sealed plastic bags for one month before testing. 
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            Figure 3.2: Fabrication of PG composites and a sample group 
 
Table 3.8: Fabrication parameters for the PG composite briquettes used for screening and 
the best four combinations as provided by K.R. Komarek Briquetting Research, Inc., AL 
Briquette Parameter Fabrication in Phase I Fabrication in Phase II 
Water Content, % 8 4 
Mean Pressure (a), N·m-2 37.3 × 106 143.1 × 106 
Mean Solid Density, g·cm-3 1.70 2.15 
Mean Mass, g 14.41 19.5 
Mean Volume, cm3 8.5 9.0 
Dimensions, (L × B × H) mm 41.2 × 22.2 × 13.4 42.5 × 23.5 × 14.5 
Approx. Surface Area, cm2 21.25 28.75 
 (a) Pressure maintained to compact the briquette between the rollers.   
3.2.3 Field Submergence Study 
The briquettes were submerged in a bay located at Port Fourchon, Louisiana for 
one year to evaluate the survivability and dissolution potential for the fabricated 
combinations in the natural saltwater environment. At least five briquettes from each of 
the nine compositions (Table 3.7) were randomly selected, tied with colored tags and 
placed in autoclaving baskets (Nalgene Brand). These baskets were suspended in the 
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water column, thus, subjecting the samples to natural currents and tides at the bay and 
maximizing interaction potential with various aquatic organisms. Physical observations 
such as composite size change and organism growth on the PG composites were recorded 
for the water-suspended samples every three months. Photos indicating the physical 
conditions of the briquettes were also taken every three months and the briquettes were 
examined for degradation (or lack of) patterns. The mean dimensions of the composites 
were compared with one-way analysis of variance (ANOVA) to determine whether the 
mean differences were significant at a 0.05 level. 
3.2.4 Specific Gravity and Standard Proctor Compaction Tests  
The specific gravity (Gs) of a substance is a comparison of its density to that of 
water (ASTM: C127-88). It was determined by weighing a set of briquettes in air (Wa, 
gm) and in water (Ww, gm). The ratio Wa/(Wa-Ww) was termed as the specific gravity 
(Gs) of the composites. Three sets of PG composite briquettes were analyzed for better 
statistical reliability of the data. The specific gravity value of the composites was used as 
a physical parameter and it does not really help understand the behavior of the composite 
structure as a fill material. However the specific gravity of the composites was compared 
to that of coarse aggregates generally used as a fill material in coastal embankments.  
Depending on the type of material and its moisture content, the materials used in 
embankment fills may vary in dry unit weight over a fairly wide range (Das, 1994). 
Generally there are no specified requirements for a minimum or maximum dry unit 
weight (either before or after compaction). Fill materials exhibiting relatively low unit 
weights  may offer the advantage of transmitting less stress to the underlying soil that 
supports an embankment.  
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Standard Proctor compaction tests (ASTM: D698) were performed in triplicate, 
without added moisture. This test was used to assess the physical stability of the briquette 
as a function of dynamic compaction. No compaction curves were generated and the 
moisture content of the composite was used while calculating the dry unit weight of the 
compacted material. The results of these tests establish the range of dry unit weights for 
use with the engineering properties tests. A standard compaction mold of volume 942.95 
cm3 was used to perform the test. The dry unit weight of the compacted material (γd, 
g⋅cm-3) was determined using the equation: 







γ                                                                  (3.1) 
where, 
 γ  = moist unit weight of the compacted material (g⋅cm-3) and 
w = moisture content of the composite (%) 
3.2.5 Particle Size Distribution (Sieve Analysis)  
The sieve analysis tests (ASTM: D422) conducted in conjunction with the 
compaction tests provided a quantitative measure of the physical integrity of the 
composite briquette under typical construction conditions. Specifically, sieve analysis 
tests were conducted to determine the particle size distribution and the magnitude of 
physical degradation as a result of the compacted energy imparted to the material during 
the standard Proctor compaction test.   
The uniformity coefficient (Cu) and the coefficient of curvature (Cc) were 




DC u =                                                            (3.2) 
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=                                                 (3.3) 
where, 
 D10  = particle diameter corresponding to percent finer of 10% 
 D30  = particle diameter corresponding to percent finer of 30% and 
 D60  = particle diameter corresponding to percent finer of 60% 
 The Unified Soil Classification System (USCS) as defined in ASTM D2487 was 
used to classify the post-compaction material. 
3.2.6 Surface Hardness  
Surface hardness tests were performed according to BS:1377 (1975) to 
characterize the structural integrity of PG composites. Surface hardness provides a 
measure of the resistance of the composite surface to impact or penetration. The surface 
hardness is judged to be an indicator of the quality and strength of the composites. 
Certain hardness levels may be established that are required for the PG composites to 
withstand destruction in an aquatic environment.  
Surface hardness tests were performed in triplicate on the ‘control’ PG 
composites (i.e., the PG briquettes subjected to 28-day curing before the submergence 
tests). To determine the extent of the composites affected after submergence in natural 
saltwater, the samples used in the dynamic leaching study (i.e., ‘leached’ PG briquettes) 
were also tested in triplicates for their surface hardness. The tests were conducted using a 
WF21510 Cone Penetrometer (Humboldt Mfg., Inc.) following the British Standards, 
Methods of Testing Soils for Engineering Purposes (BS1377:1975). Six points were 
measured on each of the control and leached PG composites. The surface hardness in this 
study is defined as the inverse of the depth (in mm) penetrated. The higher the depth 
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penetrated, the lower the surface hardness of the composite. The mean depths penetrated 
(mm-1) were compared with one-way analysis of variance (ANOVA) to determine 
whether the mean differences were significant at a 0.05 level. 
3.2.7 Dry/Wet Weight Study 
Volume occupied by the water molecules in the pore spaces of the composites 
was estimated by determining the weight loss of the composites under submerged 
conditions. The PG composites were immersed in tap water for 24 hours at room 
temperature (23°C) and then weighed (W1, g). The composites were then oven-dried at 
50°C for 24 hours and re-weighed (W2, g). The difference in the weights W1 and W2 is 
the weight of water filled by the pore spaces. The weight of water in the pores can be 
converted into pore volume by dividing by the density of water (1.0 g⋅cm-3). The 
porosities (n, %) were calculated as pore water volume divided by composite volume. 
One-way ANOVA was used to compare the means of the pore volume increased after 
water submergence.   
The dry weight (W2, g) of the composite and the weight of water were used to 
calculate the moisture (w) incorporated in the pore spaces of the composite due to 
soaking. The void ratio (e) was computed using the porosity values obtained for each of 
the control and leached PG composite. The degree of saturation (S) for each of the 
control and leached PG composite was then determined using equation 3.4: 
                                 e
GwS s⋅=                                                                      (3.4) 
The degree of saturation gives an insight of the increase in water volume into the 
pore spaces of the composite as a result of contaminants leaching.  
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3.3 Results and Discussions 
3.3.1 Phase I:  Screening of the Nine PG Composite Combinations 
3.3.1.1 Field Submergence Study 
 The field submergence results indicate the performance of the PG composite 
briquette immersed in natural saltwater for 1-year. Of the nine combinations submerged 
under natural saltwater conditions, the 73%:25%:02%, 67%:30%:03%, 64%:35%:01%, 
63%:35%:02% and 62%:35%:03% PG composites showed promising results. These 
composites exhibited less than 10% reduction in composite volume after 12-months of 
submergence indicating a good potential for a long-term survivability (Table 3.9). 
Table 3.9: A summary of the physical conditions of the nine PG:Class C fly ash:Portland 
Type II cement composite combinations submerged in natural saltwater environment for 
twelve months 
PG:Class C Fly ash:Portland Type II cement Condition 
77%:20%:03% Degradation 
73%:25%:02% Good 







Good: Less than 10% reduction in composite volume 
Degradation: 10-25% reduction in composite volume 
Severe degradation: Greater than 25% reduction in composite volume 
On the other hand, the 77%:20%:03%, 72%:25%:03%, 69%:30%:01% and 
68%:30%:02% PG composites showed degradation (i.e., change in the dimensions) after 
12-months of submergence. For these combinations, the percent reductions in the volume 
of the briquettes were determined to be in the range of 23 – 37%. Figure 3.3 illustrates 
the conditions of the nine PG composite briquettes after 12-months of submergence in 
natural saltwater. 
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Figure 3.3: Physical conditions of the nine PG:Class C fly ash:Portland Type II cement 
composite briquette combinations submerged in natural saltwater environment for twelve 
months 
 
As the figure illustrates, the 77%:20%:03%, 73%:25%:03%, 67%:30%:03%, and 
62%:35%:03% PG composites showed marine organisms attached to its surface. 
Although, identification of the kind of marine organisms attached to the composites is 
beyond the scope of this thesis research, it can be stated that the growth of such 
organisms on the composite surface may be beneficial to maintain its physical integrity as 
lesser surface area of the composite was exposed to the saltwater currents. A summary of 
the quarterly observations recorded for the submerged briquettes is presented in Table 
3.10.
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Table 3.10: A summary of the quarterly observations recorded for the submerged PG composites 
PG:Class C fly ash:Portland  
Type II cement  
Mean Length 
(mm) ± SD 
Mean Width 
(mm) ± SD 
Mean Height 
(mm) ± SD 
77%:20%:03% 42.1 ± 0.51 22.9 ± 0.65 13.4 ± 0.37 
73%:25%:02% 42.5 ± 0.49 23.0 ± 0.29 13.6 ± 0.19 
72%:25%:03% 41.7 ± 0.73 22.5 ± 0.21 13.7 ± 0.24 
69%:30%:01% 41.5 ± 0.60 23.3 ± 2.64 13.4 ± 2.41 
68%:30%:02% 41.7 ± 0.69 22.6 ± 1.32 13.5 ± 0.21 
67%:30%:03% 42.0 ± 0.61 23.1 ± 1.44 13.5 ± 0.21 
64%:35%:01% 42.1 ± 0.46 22.8 ± 1.00 13.5 ± 0.18 










62%:35%:03% 41.5 ± 0.87 21.9 ± 0.47 13.3 ± 0.35 
77%:20%:03% c 38.4 ± 2.28 19.7 ± 1.88 13.0 ± 1.08 
73%:25%:02% 37.9 ± 2.47 18.5 ± 1.71 12.3 ± 0.14 
72%:25%:03% a 35.1 ± 5.09 14.2 ± 0.14 12.1 ± 0.00 
69%:30%:01% c 38.0 ± 4.53 20.3 ± 1.36 13.2 ± 0.91 
68%:30%:02% b 37.6 ± 5.59 20.8 ± 0.74 13.5 ± 0.26 
67%:30%:03% 39.3 ± 5.08 21.1 ± 0.73 12.7 ± 2.08 
64%:35%:01% 40.9 ± 1.46 21.1 ± 0.95 13.4 ± 0.75 














62%:35%:03% 41.8 ± 1.23 20.9 ± 0.89 13.9 ± 0.58 
77%:20%:03% c 38.6 ± 2.53 20.0 ± 1.43 14.2 ± 2.50 
73%:25%:02% c 42.7 ± 0.57 21.2 ± 2.53 15.6 ± 4.00 
72%:25%:03% a 38.2 ± 3.61 16.0 ± 3.75 16.4 ± 4.10 
69%:30%:01% b 39.6 ± 1.65 18.6 ± 0.59 12.4 ± 0.31 
68%:30%:02% b 40.6 ± 1.40 19.6 ± 0.50 12.5 ± 0.60 
67%:30%:03% c 41.0 ± 0.31 20.6 ± 0.71 14.1 ± 0.85 
64%:35%:01% 40.9 ± 1.71 20.9 ± 1.21 13.4 ± 0.62 













62%:35%:03% 41.1 ± 0.66 20.4 ± 0.63 13.8 ± 1.31 
77%:20%:03% c 36.9 ± 1.98 19.2 ± 0.68 12.5 ± 0.80 
73%:25%:02% c 42.2 ± 0.83 21.2 ± 0.50 14.0 ± 0.86 
72%:25%:03% a 36.9 ± 4.38 17.8 ± 0.28 12.1 ± 0.35 
69%:30%:01% b 38.4 ± 2.08 18.0 ± 1.01 14.1 ± 2.16 
68%:30%:02% b 39.2 ± 1.15 19.9 ± 1.18 12.0 ± 1.37 
67%:30%:03% c 39.5 ± 1.50 21.3 ± 5.29 13.8 ± 1.98 
64%:35%:01% 39.6 ± 1.61 20.2 ± 0.94 13.3 ± 0.69 














62%:35%:03% 41.5 ± 0.93 26.1 ± 13.62 14.9 ± 3.53 
77%:20%:03% c 36.4 ± 2.20 18.6 ± 0.92 12.4 ± 0.42 
73%:25%:02% c 42.3 ± 0.69 21.3 ± 2.44 13.6 ± 0.18 
72%:25%:03% a 38.4 ± 5.09 20.4 ± 0.35 13.2 ± 0.21 
69%:30%:01% b 39.2 ± 2.18 18.7 ± 0.06 12.5 ± 0.26 
68%:30%:02% b 39.9 ± 1.33 20.4 ± 0.42 12.4 ± 0.21 
67%:30%:03% c 40.4 ± 0.90 22.0 ± 2.59 14.3 ± 2.06 
64%:35%:01% 40.9 ± 1.88 20.7 ± 1.04 13.3 ± 0.14 















62%:35%:03% 41.2 ± 0.58 20.9 ± 0.31 13.1 ± 0.54 
a Three samples missing.                                 b Two samples missing.                                    c One sample missing. 
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 Due to dissolution in saltwater, the degraded briquettes came out of the color tags 
in which they were tied. Three out of five PG composite briquettes submerged for the 
72%:25%:03%  PG:Class C fly ash:Portland Type II cement combination showed severe 
degradation and the composites (reported as ‘missing samples’ in Table 3.10) came out of 
the tags.  
3.3.1.2 Specific Gravity (Gs) 
 The fill material used in coastal embankments should possess a high specific 
gravity (>1.50) because it increases the resistance of the embankment to the action of 
waves or currents (Whiteneck and Hockney, 1989). All of the PG composite 
combinations exhibited similar values for specific gravity in average of 2.20 (Table 3.11) 
that would classify the composites as normal weight aggregates. The mean differences 
were not significant at the 95% confidence interval. 
Table 3.11: Specific Gravity (Mean ± S.D.) of the nine PG:Class C fly ash:Portland Type 
II cement combinations 
PG:Class C Fly ash:Portland Type II 
cement Mean Specific Gravity ± S.D. (n = 3) 
77%:20%:03% 2.18 ± 0.0195 
73%:25%:02% 2.22 ± 0.0042 
72%:25%:03% 2.17 ± 0.0125 
69%:30%:01% 2.16 ± 0.0097 
68%:30%:02% 2.20 ± 0.0255 
67%:30%:03% 2.21 ± 0.0056 
64%:35%:01% 2.20 ± 0.0038 
63%:35%:02% 2.21 ± 0.0060 
62%:35%:03% 2.25 ± 0.0096 
 
3.3.1.3 Compaction Tests and Sieve Analysis 
 The dry unit weight (γd, g⋅cm-3) of the compacted PG composite material was 
determined using Equation 3.1 for each of the individual combination tested in triplicate. 
The material was compacted without added moisture. The mean dry unit weights of 
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compaction for each combination are listed in Table 3.12. The average dry unit weight 
for all combinations ranged between 1.26 - 1.32 g⋅cm-3 (Table 3.12). The mean 
differences were not significant at the 95% confidence interval. The addition of fly ash or 
Portland cement to phosphogypsum yields slightly higher maximum dry density and 
optimum moisture content values for stabilized PG mixtures, in comparison with raw PG 
blends (Taha and Seals, 1992). 
Table 3.12: Compaction Dry Unit Weight (Mean ± S.D.) of compaction determined from 
the standard proctor compaction test on the nine PG:Class C fly ash:Portland Type II 
cement combinations 
PG:Class C Fly ash:Portland 
Type II cement 
Mean Compaction Dry Unit 
Weight (γd, gm·cm-3) ± S.D. (n = 3) 
77%:20%:03% 1.32 ± 0.0133 
  73%:25%:02% 1.32 ± 0.0032 
72%:25%:03% 1.32 ± 0.0012 
69%:30%:01% 1.29 ± 0.0158 
68%:30%:02% 1.26 ± 0.0031 
67%:30%:03% 1.28 ± 0.0283 
64%:35%:01% 1.27 ± 0.0002 
63%:35%:02% 1.28 ± 0.0058 
62%:35%:03% 1.27 ± 0.0125 
 
Before compaction, the briquettes were of essentially uniform size (41.2 mm × 
22.2 mm × 13.4 mm). The gradation characteristics obtained for all the briquette 
compositions after the standard Proctor compaction test indicate a relatively modest 
amount of degradation due to compaction. The general nature of the particle-size 
distribution curves for all of the PG composites corresponds to a relatively well-graded 
material rather than a material of uniform gradation. The crushing actually improves the 
engineering properties and workability of the briquettes. Based on the behavior of 
naturally occurring soils, well-graded soils perform much better in construction 
applications such as embankments and structural fills than uniform soils. Figure 3.4 
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shows the grain-size distribution obtained from the sieve analysis plotted as a semi-
logarithmic graph with particle size (mm) plotted on a log scale and percent finer by 








































Figure 3.4: Percent finer versus particle size for the nine PG:Class C fly ash:Portland 
Type II cement combinations subsequent to standard Proctor compaction tests 
 
The uniformity coefficient (Cu) is a parameter that indicates the range of 
distribution of particle sizes for the compacted material. If Cu is nearly equal to unity, the 
degraded particles are approximately of equal size and such material is usually referred to 
as poorly-graded material. In geotechnical engineering practice, a material is considered 
well-graded if Cu ≥ 6 and the Cc value falls between 1 and 3 (Das, 1994). Table 3.13 lists 
the uniformity coefficient (Cu) and coefficient of curvature (Cc) values, respectively, for 
each of the nine PG composite combinations. For the 77%:20%:03%, 73%:25%:02%, 
72%:25%:03%, 69%:30%:01%, and 62%:35%:03% PG:Class C fly ash:Portland Type II 
cement composites, the value of Cu ≥ 6. 
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Table 3.13: Particle uniformity coefficient (Cu) and coefficient of curvature (Cc) 
determined from the sieve analysis data for each of the nine PG composite combinations 
PG:Class C Fly ash:Portland 





77%:20%:03% 7.50 1.63 
73%:25%:02% 6.80 1.51 
72%:25%:03% 7.50 1.63 
69%:30%:01% 6.67 1.28 
68%:30%:02% 5.67 1.25 
67%:30%:03% 5.71 1.39 
64%:35%:01% 5.52 1.38 
63%:35%:02% 5.67 1.25 
62%:35%:03% 6.00 1.34 
 
 The Unified Soil Classification System (USCS) would classify the PG briquettes 
as well-graded gravel (Cu ≥ 4) or sand (Cu ≥ 6) with little or no fines (i.e. GW or SW) as 
the percent gravel fraction (GF) of the crushed material (i.e., the percent fraction retained 
on US Sieve # 4) for all of the PG combinations exceeded 15%. It was also noted that the 
fraction smaller than the US Sieve # 200 did not exceed 5%. The crushed material has a 
wide range of grain sizes and substantial amounts of all intermediate particle sizes. 
Generally, a well-graded compactable aggregate provides a suitable base and drain field 
material. Excellent workability characteristics of the PG composites would qualify them 
as a potential fill material in embankment construction. However, it should be recognized 
that the mineralogy of the briquette is significantly different than that of naturally 
occurring soils.  
 The classification helps to speculate about the behavior of the PG briquettes when 
used as a construction material. Based on a typical Engineering Use Chart, the 
characteristics of a well-graded soil material pertaining to embankments or foundations 
usually exhibit good compaction characteristics with a pervious permeability (K > 10-2 
cm·sec-1), good bearing value for foundations and negligible plasticity. Excellent shear 
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strength and compressibility characteristics can also be expected from a well-graded 
material when compacted and saturated.  
3.3.1.4 Surface Hardness 
 It may be noted that the physical characteristics may not fully indicate the 
integrity of the PG composite in marine environment and hence there is no direct 
correlation between the surface hardness and the composite’s stability under submerged 
conditions. The surface hardness study results are tabulated in Table 3.14 for both the 
control and leached PG composite briquettes.  
Table 3.14: Mean Surface Hardness ± S.D. (n=3) of PG:Class C fly ash:Portland Type II 
cement composite briquettes after a standard 28-day curing process and a 28-day 
dynamic leaching test  
Mean Surface Hardness  (mm-1) ± S.D. (n = 3) PG:Class C Fly ash:Portland 
Type II cement Control Briquettes Leached Briquettes 
77%:20%:03% 39.5 ± 2.73 10.1 ± 1.96 
73%:25%:02% 53.3 ± 2.90   29.3 ± 11.03 
72%:25%:03% 44.6 ± 5.99 25.4 ± 8.98 
69%:30%:01% 39.4 ± 3.73 47.2 ± 8.10 
68%:30%:02% 45.9 ± 2.39  47.8 ± 19.67 
67%:30%:03%   44.9 ± 10.31 57.1 ± 2.58 
64%:35%:01%   39.8 ± 21.81 29.3 ± 8.27 
63%:35%:02% 55.9 ± 6.24 20.8 ± 5.51 
62%:35%:03%   45.1 ± 17.25   34.5 ± 14.73 
 
The results may not be directly comparable for the performance of each 
composite combination tested for surface hardness because the test conditions were 
different and also the tests were run on a different set of briquettes. However, these 
results do give some indication about the composite surface characteristics. The greater 
the depth penetrated, the lower the surface hardness. Most of the leached PG briquettes 
exhibited lower surface hardness than the control PG briquettes. In comparison, the 
73%:25%:02%, 67%:30%:03%, 63%:35%:02% and 62%:35%:03% PG:Class C fly 
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ash:Portland Type II cement composites possessed relatively greater surface hardness 
before submergence (Figure 3.5) and the mean differences were not significant at the 
95% confidence interval. These composites also showed good results in the field 
submergence study.  
On the other hand, the leached composites showed significant differences in the 
mean surface hardness at 95% confidence interval and the 69%:30%:01%, 
68%:30%:02%,  67%:30%:03% and 62%:35%:03% PG:Class C fly ash:Portland Type II 














































































Figure 3.5: Comparison of the surface hardness of control and leached PG briquettes 
 
3.3.1.5 Increase in Pore Volume of the PG Composites 
The dry/wet weight study results for both the control and leached PG briquettes 
are summarized in Table 3.15 below. Figure 3.6 lists a summary of the porosity results 
for the PG composite combinations for their increase in pore space volume when 
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subjected to a 28-day dynamic leaching study. Lower values of the increase in the pore 
volume after submergence may indicate an intact structure of the composite. 
Table 3.15: Mean porosity ± S.D. (n=3) of the nine PG:Class C fly ash:Portland Type II 
cement  composite briquette combinations  
Mean ± S.D. (n = 3) PG:Class C Fly 
ash:Portland 







Increase in Pore Volume (cm3) 
after Dynamic Leaching 
77%:20%:03% 14.6 ± 0.84 21.8 ± 1.01 0.62 ± 0.08 
73%:25%:02% 13.7 ± 0.45 18.2 ± 1.02 0.38 ± 0.12 
72%:25%:03% 14.3 ± 0.30 19.7 ± 0.62 0.46 ± 0.03 
69%:30%:01% 14.3 ± 0.31 19.1 ± 0.73 0.41 ± 0.05 
68%:30%:02% 13.7 ± 0.52 17.4 ± 0.34 0.30 ± 0.02 
67%:30%:03% 14.4 ± 0.13 17.5 ± 0.66 0.26 ± 0.06 
64%:35%:01% 13.7 ± 0.94 16.2 ± 1.27 0.21 ± 0.17 
63%:35%:02% 13.4 ± 0.36 15.9 ± 1.03 0.21 ± 0.07 








































































Figure 3.6: Comparison of the increase in pore volume for the PG briquettes subjected to 
a 28-day dynamic leaching study 
 
These results indicated that the 67%:30%:03%, 64%:35%:01% 63%:35%:02% 
and 62%:35%:03% PG:Class C fly ash:Portland type II cement composites possessed 
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minimum porosity and lesser increase in pore volume after dynamic leaching. However, 
the mean porosities for the 63%:35%:02% and 62%:35%:03% composites before 
submergence were significantly different at 95% confidence interval. 
Table 3.16 illustrates the increase in the degree of saturation after the control PG 
composite briquettes were subjected to 28-day dynamic leaching for each of the nine 
combinations. An increase in the pore space volume was observed as a result of the 
leaching of the macro-elements from the composites and the increase in the degree of 
saturation averaged 6 % after 28-days of leaching. 
Table 3.16: Calculation of the degree of saturation of the PG composite briquettes before 
and after dynamic leaching 
Control PG briquettes Leached PG briquettes PG Composite 
e w (%) S (%) e w (%) S (%) 
77%:20%:03% 0.170 8.4 1.07 0.279 14.8 1.15 
73%:25%:02% 0.158 7.4 1.03 0.222 10.5 1.05 
72%:25%:03% 0.166 8.3 1.09 0.245 13.3 1.17 
69%:30%:01% 0.167 9.5 1.24 0.236 14.2 1.30 
68%:30%:02% 0.159 8.3 1.15 0.210 11.2 1.17 
67%:30%:03% 0.168 8.1 1.07 0.212 10.9 1.14 
64%:35%:01% 0.159 7.8 1.09 0.193 10.4 1.18 
63%:35%:02% 0.155 8.2 1.17 0.189 10.7 1.25 
62%:35%:03% 0.152 7.9 1.17 0.181 9.9 1.23 
               e: Void ratio as determined from the porosity values. 
               w: Moisture content (%) possessed by the composite after 24 hrs of soaking in tap water at room 
temperature. 
               S: Degree of saturation (%) as determined from Equation 3.4. 
 
 However, computing the increase in pore water volume may not be an accurate 
measure of the porosity of the PG composites and it must be determined by other 
standardized tests (e.g. mercury intrusion method). Whereas the results obtained here 
does give an insight of the pore spaces formed due to diffusion of contaminants under 
submerged conditions and hence used only for the composites’ characterization purpose. 
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3.3.2 The Selection of the Best Four Combinations  
 Based on the results obtained from the field submergence study, it was noted that 
four out of the nine PG composite combinations exhibited no signs of excessive or 
unsatisfactory degradation after twelve months of submergence. Since the composites 
placed in natural saltwater conditions will better demonstrate the true physical integrity of 
the PG briquettes, the results from the submergence tests were used as a major criterion 
for the screening. As an evaluation summary, Table 3.17 lists all nine PG composite 
briquette combinations and whether or not they met the various selection criteria. 
Table 3.17: An evaluation matrix used for screening the best four PG briquette 
combinations (a) 
PG:Class C fly 
ash: Portland 















77%:20%:03%      
73%:25%:02%      
72%:25%:03%      
69%:30%:01%      
68%:30%:02%      
67%:30%:03%      
64%:35%:01%      
63%:35%:02%      
62%:35%:03%      (b) 
(a) Refer Table 2.9, Section 2.3.2 for the specific criteria used to select the best four combinations. 
(b) Production cost per ton ($ 13.62) of the 62%:35%:03% PG:Class C fly ash:Portland Type II cement 
composites was used as a cut-off for selecting the best combinations 
 : The combination met the respective criteria 
 : The combination did not meet the respective criteria 
 
The particle-size distribution analysis results indicated that, five out of the nine 
PG:Class C fly ash:Portland Type II cement composite combinations possessed a 
uniformity coefficient value ≥ 6; which would classify the PG briquettes as a well-graded 
gavel or  sand with little or no fines. The rest of the tests were performed to understand 
the engineering properties of these composites (e.g. specific gravity, compaction unit 
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weight, surface hardness and porosity) and the relatively similar results obtained may not 
really help in screening the best four combinations. However, the dynamic leaching tests 
results and the composite’s production costs were used to choose the best four 
combinations as explained earlier in section 2.3.2. The PG composite combinations 
meeting most of the five selection criteria were selected for further testing. The only 
exception was the 67%:30%:03% PG composite that did not comply with the calcium 
and sulfate De criteria. However, it was selected in the best four group based on its 
survivability results from the field submergence study.   
 Hence, the best four PG:Class C fly ash:Portland Type II cement composite 
briquette combinations selected are 73%:25%:02%, 67%:30%:03%, 63%:35%:02% and 
62%:35%:03%  and  are highlighted in bold in the evaluation matrix for screening (Table 
3.17). 
3.3.3 Phase II: Evaluation of the Selected Final Four Combinations 
 The best four PG composite combinations also exhibited similar physical 
characteristics. The specific gravity of all the composites ranged between 2.21 – 2.26. As 
a result of reduced water content from 8% to 4% during the re-fabrication phase, all the 
best four PG composite combinations possessed greater values of dry unit weight of 
compaction that ranged between 1.43-1.53 gm·cm-3 than the composite fabricated earlier 
with 8% water content. The maximum theoretical dry unit weight of compaction for the 
best four PG composite combinations averaged 2.06 gm·cm-3. Figure 3.7 illustrates the 
particle-size distribution curve from the sieve analysis data obtained for the final four PG 
combinations after compaction. The results obtained were reasonably comparable to 
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gradation characteristics observed for the initial nine PG composite combinations as 

































Figure 3.7: Percent finer versus particle size for the selected best four PG:Class C fly 
ash:Portland Type II cement combinations subjected to standard Proctor compaction tests 
  
3.4 Conclusions  
The engineering properties of the stabilized PG composites were studied to 
determine PG:Class C fly ash:Portland Type II cement compositions that are stable 
enough to survive under natural saltwater conditions. Nine combinations of PG:Class C 
fly ash:Portland Type II cement composite briquettes were fabricated and their structural 
integrity was observed by means of a twelve-month field submergence study under 
natural saltwater conditions. The 73%:25%:02%, 67%:30%:03%, 63%:35%:02% and 
62%:35%:03% PG:Class C fly ash:Portland Type II cement composites were selected as 
the best four among the nine different combinations tested.  These composites showed 
promising results with little sign of degradation after twelve-months of saltwater 
submergence.  
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The engineering properties such as specific gravity, dry unit weight and particle-
size distribution of the PG briquettes were studied. The surface hardness and porosity 
values for the composites were also determined. However, the results of these tests do not 
really demonstrate the true physical integrity of the PG composites.  
According to the Unified Soil Classification System (USCS), the composite 
material could be classified as well-graded gravel (i.e. GW, when Cu ≥ 4) or well-graded 
sand (i.e. SW, when Cu ≥ 6) with little or no fines. Additionally, the classification would 
suggest that the PG briquettes are potentially satisfactory fill materials for embankment 
construction. Such materials would be expected to exhibit excellent workability 
characteristics.  
An another important soil parameter required for the design of a mechanically 
stabilized fill system is the angle of internal friction or shearing resistance (φ). This 
parameter is generally determined by means of a triaxial or direct shear strength test. 
When compared with the characteristics of a well-graded (cohesionless) gravel-sand 
mixture as designated in USCS, the PG composites would exhibit an approximate range 
of the angle of internal friction (φ) from 30o – 36o. However, further understanding of the 
compressibility characteristics of the PG composites are needed to predict its 
performance under self or superimposed loads when used as a fill in mechanically 




Chapter 4: Global Discussion and Conclusions 
The research presented herein investigated the potential of stabilized 
phosphogypsum:Class C fly ash:Portland Type II cement composite for its use in marine 
applications. The thesis was divided into two main sections (Chapters 2 and 3), focusing 
the leaching behavior of calcium, sulfate, heavy metals and Ra226 present in the stabilized 
PG composite, its structural integrity through the field submergence study, engineering 
properties and the production cost. The principal objective was to screen the best four out 
of the nine PG:Class C fly ash:Portland Type II cement compositions that are stable 
enough to survive under natural saltwater conditions and are also economically feasible 
to fabricate.  
Stabilizing phosphogypsum with Class C fly ash and Portland Type II cement will 
help in eliminating the airborne vector of transmission for radon gas from the PG 
composite into the surrounding environment (Guo et al., 2001). The stabilized PG 
composites submerged in an aquatic environment would provide double protection 
against the escape of radon gas. The stabilized PG matrix will prevent the diffusion of the 
radium molecules. Also, those molecules that try to escape have to diffuse out of the 
saltwater before becoming available for human exposure. Stabilized phosphogypsum 
composites submerged in saltwater may also provide a feasible alternative for its storage 
in stacks.  
Nine PG:class C fly ash:Portland Type II cement combinations comprised of 62 –
77 %  of PG,  20 – 35% of class C fly ash and 1 – 3% of Portland Type II cement by 





4.1 Field Submergence Study 
 The PG composites were submerged in a bay located at Port Fourchon, Louisiana 
for one year and the physical observations were made at an interval of 1, 2, 3, 4, 6, 9 and 
12 months. Among the nine combinations submerged for an year, the 73%:25%:02%, 
67%:30%:03%, 64%:35%:01%, 63%:35%:02% and 62%:35%:03% PG:class C fly 
ash:Portland Type II cement composites showed promising results with very less 
degradation (<10% reduction in composite volume). Previous research by Guo et al. 
(1999, 2001) showed that the PG composite blocks made of 62%:35%:03% PG:class C 
Fly ash:Portland Type II cement can survive in saltwater for more than two years. In this 
research, the 73%:25%:02% PG composite (having higher PG content than 62% and also 
lower proportions of fly ash and cement) indicated promising results. Whereas the other 
combinations (i.e. the 77%:20%:03%, 72%:25%:03%, 69%:30%:01% and 
68%:30%:02% PG composites) showed severe to moderate degradation during the 
submergence study and hence were not recommended among the best four combinations. 
4.2 Dynamic Leaching Tests and TCLP 
A dynamic leaching study was conducted in which the PG composites were 
immersed in artificial saltwater medium (20‰, Instant OceanTM) for a 28-day leaching 
period. The concentrations of major constituents in PG (i.e. calcium, sulfate, 
magnesium), trace and heavy metals (such as Cr3+, Cu2+, Zn2+, Fe2+, Pb2+ and Cd2+) and 
radionuclide (e.g. Ra226) leached during the 28-days leaching period were used to 
determine the respective effective diffusion coefficients using a diffusion model that is 
based on the statistical regression analyses. The leaching behavior of all the PG 




coefficients ranged 1.36–8.04×10-13 m2⋅s-1 and 2.96 – 7.20×10-13 m2⋅s-1, respectively. 
These values are compatible to those obtained from previous researches by Edwards and 
Duedall (1995), Ibáňez et al., (1998) and Guo et al., (2001).   
The Mg2+ concentrations in the leachate samples were used to investigate the 
potential precipitation of magnesium salts (e.g. MgSO4, MgCO3 and Mg(OH)2) and, 
based on the ion activity comparisons with the respective solubility products of these Mg-
salts, it was concluded that they may not be formed. However, further analyses are 
advised for a detailed understanding of the processes involving complex ions.  
Leachate samples from the dynamic leaching test on the four best combinations 
selected were analyzed further to determine the metals and Ra226 concentrations. TCLP 
was conducted to assess the effectiveness of the s/s technique and to determine the trace 
metal concentrations (such as As, Cd, Pb and Se) leached from the PG composites.  
The Ra226 concentrations leached out of these composites in the saltwater were 
observed to be safe, and ranged well below the current EPA regulation for the amount of 
Ra226 concentration in safe drinking water (5 pCi⋅L-1). The percent retention efficiency of 
Ra226 for the PG composites averaged 99.77%. Lower diffusivities were observed for the 
metals (such as Cr3+, Cu2+, Zn2+and Fe2+). Moreover, the trace metal concentrations (As, 
Cd, Pb and Se) also ranged well below the current EPA regulatory limits (maximum 
contaminant level) for the TCLP leachate.   
4.3  Economic Analysis for the Production Cost of the PG Composites 
The cost of the composites was determined using the economic analysis 
developed by Rusch et al., (2001). All nine PG composite combinations will have a 




These projected costs are much lower than the cost per ton of granite riprap ($27.5) 
currently used as a fill material (Rusch et al., 2001).  The 73%:25%:02% PG:class C fly 
ash:Portland Type II cement composite, which showed promising results in most of the 
tests has a production cost of $10.62 per ton ($3.00 per ton less than the cost for 
62%:35%:03% PG:Class C fly ash:Portland Type II cement composite). The current 
(year-2003) production costs of the PG composites were also reported, considering the 
current economy, interest and inflation rate and the local costs of the ingredients in both 
Louisiana and Florida. 
4.4 Engineering Properties of the PG Composites 
 The engineering properties such as specific gravity, dry unit weight and particle-
size distribution of the PG briquettes were studied and the results indicated that the 
composite material could be classified as well-graded gravel (i.e. GW, when Cu ≥ 4) or 
well-graded sand (i.e. SW, when Cu ≥ 6) with little or no fines. The USCS classification 
would also qualify the PG briquettes as a potential fill material in embankment 
construction having excellent workability characteristics. Comparing the characteristics 
of well-graded soil material pertaining to embankments or foundations, the PG 
composites may also exhibit good compaction characteristics with a pervious 
permeability (K > 10-2 cm·sec-1), good bearing value for foundations, negligible plasticity 
and a maximum dry unit weight of standard compaction. Excellent shear strength and 
compressibility characteristics can also be expected from a well-graded material when 
compacted and saturated.  The surface hardness and porosity results did not serve as a 




characteristics for the composite can be achieved by commercial briquette fabrication 
technique.  
4.5 Future Recommendations 
(a) The long-term survivability of the PG composite in natural saltwater conditions 
should be assessed through a continued field submergence study. The composite’s 
performance when subjected to alternate wet/dry environment should also be studied. 
Although, the growth of marine organisms on the composite surface appears to be 
beneficial to maintain its physical integrity, it is necessary to further investigate the kind 
of aquatic organisms attached and growing on the composite surface for the possibility of 
the bioaccumulation of trace metals and radium content present in the stabilized PG 
composite.  
(b) The PG composite should be tested for the angle of internal friction or shearing 
resistance (φ) by means of direct shear test and compressibility test to ensure its 
performance under self-imposed loads.  
(c) For the economical purposes, use of Class F fly ash may be investigated as a 
replacement to Class C fly ash, which is costlier than the Class F fly ash. Moreover, the 
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Physical Observations of Initial NINE Combinations of PG Composite Briquettes: 
 
Before Submergence:  One Month Submergence: 05/25/02 
         
PG:Class C fly ash:Type II Portland cement  PG:Class C fly ash:Type II Portland cement 
77%:20%:03%  77%:20%:03% 











1 41.5 22.7 13.5  1 41.6 20.8 13.2 
2 42.4 23.6 12.9  2 41.3 20.3 12.7 
3 42.8 23.6 13.9  3 41.7 21.1 13.0 
4 42.0 22.5 13.4  4 31.9 19.9 12.6 
5 41.8 22.2 13.2  5 39.5 20.4 12.6 
Mean 42.1 22.9 13.4  Mean 39.2 20.5 12.8 
St.Dev.(n=5) 0.51 0.65 0.37  St.Dev.(n=5) 4.18 0.46 0.27 
         
73%:25%:02%  73%:25%:02% 
1 42.2 23.5 13.8  1 43.0 23.0 14.0 
2 43.0 22.9 13.4  2 43.7 22.0 13.5 
3 42.2 22.8 13.7  3 44.7 22.2 13.5 
4 43.0 22.9 13.4  4 43.6 21.6 13.6 
5 42.0 22.8 13.7  5 43.5 41.5 13.9 
Mean 42.5 23.0 13.6  Mean 43.7 26.1 13.7 
St.Dev.(n=5) 0.49 0.29 0.19  St.Dev.(n=5) 0.62 8.65 0.23 
         
72%:25%:03%  72%:25%:03% 
1 42.0 22.6 13.8  1 45.1 21.3 13.9 
2 40.8 22.5 13.3  2 42.4 20.9 13.2 
3 42.7 22.6 13.8  3 42.0 20.8 13.1 
4 41.8 22.1 13.5  4 42.4 21.8 13.8 
5 41.2 22.5 13.9  5 42.3 21.5 13.2 
Mean 41.7 22.5 13.7  Mean 42.8 21.3 13.4 
St.Dev.(n=5) 0.73 0.21 0.24  St.Dev.(n=5) 1.29 0.42 0.38 
         
69%:30%:01%  69%:30%:01% 
1 41.4 21.4 12.5  1 40.8 20.7 12.2 
2 41.6 21.1 12.5  2 40.5 20.2 12.5 
3 42.3 21.8 12.3  3 41.4 20.4 12.1 
4 40.6 25.9 12.0  4 40.2 20.4 12.5 
5 41.6 26.5 17.7  5 41.2 20.9 13.5 
Mean 41.5 23.3 13.4  Mean 40.8 20.5 12.6 
St.Dev.(n=5) 0.60 2.64 2.41  St.Dev.(n=5) 0.49 0.28 0.55 
         
     Continued…
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68%:30%:02%  68%:30%:02% 
1 40.9 21.1 13.2  1 39.7 21.5 12.9 
2 41.9 24.1 13.5  2 42.2 21.7 13.0 
3 42.5 21.6 13.6  3 41.8 20.9 12.6 
4 42.2 22.5 13.7  4 38.7 20.4 12.5 
5 41.1 23.8 13.7  5 41.0 21.1 12.3 
Mean 41.7 22.6 13.5  Mean 40.7 21.1 12.7 
St.Dev.(n=5) 0.69 1.32 0.21  St.Dev.(n=5) 1.46 0.51 0.29 
         
67%:30%:03%  67%:30%:03% 
1 42.6 25.0 13.5  1 42.8 21.3 13.8 
2 42.5 21.4 13.7  2 42.2 21.6 13.8 
3 41.7 23.2 13.8  3 42.3 22.1 13.3 
4 42.0 24.0 13.3  4 40.1 20.6 13.4 
5 41.1 22.1 13.4  5 41.3 22.7 13.5 
Mean 42.0 23.1 13.5  Mean 41.7 21.7 13.6 
St.Dev.(n=5) 0.61 1.44 0.21  St.Dev.(n=5) 1.06 0.80 0.23 
         
64%:35%:01%  64%:35%:01% 
1 42.5 22.5 13.5  1 42.5 21.3 13.0 
2 41.5 24.2 13.3  2 41.6 21.4 13.4 
3 41.7 23.2 13.5  3 41.7 21.9 13.1 
4 42.5 21.5 13.5  4 42.6 21.6 13.9 
5 42.1 22.5 13.8  5 40.1 21.2 12.6 
Mean 42.1 22.8 13.5  Mean 41.7 21.5 13.2 
St.Dev.(n=5) 0.46 1.00 0.18  St.Dev.(n=5) 1.00 0.28 0.48 
         
63%:35%:02%  63%:35%:02% 
1 41.0 21.6 12.9  1 41.0 21.3 12.7 
2 41.8 22.0 13.7  2 40.9 21.0 12.9 
3 41.4 22.0 13.2  3 42.0 21.2 12.7 
4 41.4 21.4 13.4  4 39.8 20.6 12.5 
5 40.9 21.8 13.0  5 41.2 21.2 13.0 
Mean 41.3 21.8 13.2  Mean 41.0 21.1 12.8 
St.Dev.(n=5) 0.34 0.25 0.31  St.Dev.(n=5) 0.79 0.28 0.19 
         
62%:35%:03%  62%:35%:03% 
1 42.2 22.1 13.3  1 39.9 21.2 12.8 
2 41.9 22.5 13.6  2 41.6 21.3 12.7 
3 40.2 21.8 13.8  3 41.8 21.4 13.5 
4 42.2 21.5 13.1  4 42.1 21.0 12.9 
5 41.0 21.4 12.9  5 42.9 21.3 13.2 
Mean 41.5 21.9 13.3  Mean 41.7 21.2 13.0 




Two Month Submergence: 06/27/02  Three Month Submergence: 07/30/02 
         
PG:Class C fly ash:Type II Portland cement  PG:Class C fly ash:Type II Portland cement 
77%:20%:03%  77%:20%:03% 











1 40.8 20.8 13.0  1 36.4 19.3 11.8 
2 39.9 20.0 13.1  2 41.3 21.8 14.4 
3 38.2 17.1 12.2  3 39.2 17.3 12.7 
4 37.5 20.5 12.6  4 36.8 20.2 12.9 
5 40.9 20.4 12.3  5 - - - 
Mean 39.5 19.8 12.6  Mean 38.4 19.7 13.0 
St.Dev.(n=5) 1.54 1.51 0.40  St.Dev.(n=5) 2.28 1.88 1.08 
         
73%:25%:02%  73%:25%:02% 
1 43.7 22.2 13.5  1 38.7 18.9 12.2 
2 44.6 21.9 13.8  2 34.6 17.9 12.4 
3 42.5 21.9 13.7  3 36.3 15.9 12.4 
4 46.4 22.2 13.7  4 38.7 19.1 12.4 
5 42.4 20.9 13.6  5 41.0 20.5 12.1 
Mean 43.9 21.8 13.7  Mean 37.9 18.5 12.3 
St.Dev.(n=5)     St.Dev.(n=5) 2.47 1.71 0.14 
         
72%:25%:03%  72%:25%:03% 
1 39.2 20.3 13.5  1 31.5 14.3 12.1 
2 41.4 19.4 13.1  2 38.7 14.1 12.1 
3 36.7 16.3 11.2  3 - - - 
4 41.6 20.8 13.1  4 - - - 
5 41.1 21.0 13.1  5 - - - 
Mean 40.0 19.6 12.8  Mean 35.1 14.2 12.1 
St.Dev.(n=5) 2.08 1.92 0.91  St.Dev.(n=5) 5.09 0.14 0.00 
         
69%:30%:01%  69%:30%:01% 
1 42.1 19.4 12.4  1 39.3 19.2 13.9 
2 41.7 21.9 13.4  2 - - - 
3 41.3 20.8 12.2  3 31.3 21.3 11.9 
4 30.9 20.5 12.7  4 41.3 19.0 13.4 
5 42.1 20.7 12.8  5 40.0 21.6 13.7 
Mean 39.6 20.7 12.7  Mean 38.0 20.3 13.2 
St.Dev.(n=5) 4.89 0.89 0.46  St.Dev.(n=5) 4.53 1.36 0.91 
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68%:30%:02%  68%:30%:02% 
1 41.3 21.1 12.8  1 31.2 21.6 13.6 
2 40.0 20.9 12.6  2 39.8 20.2 13.2 
3 41.1 20.3 12.1  3 41.7 20.5 13.7 
4 41.3 21.0 13.5  4 - - - 
5 40.3 22.1 13.1  5 - - - 
Mean 40.8 21.1 12.8  Mean 37.6 20.8 13.5 
St.Dev.(n=5) 0.61 0.65 0.53  St.Dev.(n=5) 5.59 0.74 0.26 
         
67%:30%:03%  67%:30%:03% 
1 41.3 19.7 13.8  1 40.9 21.0 9.1 
2 40.9 17.6 13.1  2 41.2 20.2 12.9 
3 42.2 21.4 13.8  3 42.2 21.8 14.0 
4 40.3 22.3 13.8  4 42.1 20.5 13.3 
5 - - -  5 30.3 21.8 14.2 
Mean 41.2 20.3 13.6  Mean 39.3 21.1 12.7 
St.Dev.(n=5) 0.80 2.07 0.35  St.Dev.(n=5) 5.08 0.73 2.08 
         
64%:35%:01%  64%:35%:01% 
1 41.1 21.1 13.2  1 41.8 21.3 14.0 
2 44.5 21.1 13.4  2 38.4 19.5 13.3 
3 42.3 21.8 15.4  3 42.1 21.7 13.6 
4 42.1 21.3 13.3  4 41.0 21.9 13.8 
5 42.0 21.9 13.0  5 41.1 21.0 12.1 
Mean 42.4 21.4 13.7  Mean 40.9 21.1 13.4 
St.Dev.(n=5) 41.1 21.1 13.2  St.Dev.(n=5) 1.46 0.95 0.75 
         
63%:35%:02%  63%:35%:02% 
1 42.2 21.5 12.7  1 41.7 20.6 15.4 
2 42.1 21.2 14.9  2 39.2 19.5 13.6 
3 42.5 21.0 13.2  3 41.9 21.9 13.6 
4 41.2 20.4 12.6  4 38.6 22.6 13.6 
5 41.3 22.0 12.8  5 41.9 21.4 13.5 
Mean 41.9 21.2 13.2  Mean 40.7 21.2 13.9 
St.Dev.(n=5) 0.58 0.59 0.96  St.Dev.(n=5) 1.62 1.20 0.82 
         
62%:35%:03%  62%:35%:03% 
1 41.0 21.9 13.9  1 41.2 21.5 13.7 
2 41.6 20.2 12.1  2 41.0 19.5 13.0 
3 41.2 21.9 14.3  3 41.4 21.8 14.0 
4 41.7 21.5 13.1  4 41.5 20.8 14.6 
5 41.3 21.4 13.6  5 44.0 21.0 14.0 
Mean 41.4 21.4 13.4  Mean 41.8 20.9 13.9 




Four Month Submergence: 08/16/02  Six Month Submergence: 10/09/02 
         
PG:Class C fly ash:Type II Portland cement  PG:Class C fly ash:Type II Portland cement 
77%:20%:03%  77%:20%:03% 











1 41.8 21.8 14.2  1 39.8 18.6 17.8 
2 36.7 20.5 12.7  2 41.2 21.6 13.9 
3 38.2 17.1 12.8  3 38.2 20.8 12.9 
4 36.1 19.7 14.0  4 35.3 19.0 12.2 
5 - - -  5 - - - 
Mean 38.2 19.8 13.4  Mean 38.6 20.0 14.2 
St.Dev.(n=5) 2.56 1.98 0.78  St.Dev.(n=5) 2.53 1.43 2.50 
         
73%:25%:02%  73%:25%:02% 
1 42.9 22.7 14.2  1 43.4 23.3 21.6 
2 38.6 17.7 14.3  2 42.3 21.7 13.4 
3 43.4 17.4 14.7  3 - - - 
4 41.3 21.9 14.4  4 42.2 17.5 13.4 
5 41.0 19.6 14.4  5 43.0 22.1 14.1 
Mean 41.4 19.9 14.4  Mean 42.7 21.2 15.6 
St.Dev.(n=5) 1.89 2.40 0.19  St.Dev.(n=5) 0.57 2.53 4.00 
         
72%:25%:03%  72%:25%:03% 
1 34.8 19.7 13.9  1 35.6 18.6 13.5 
2 42.2 18.3 14.0  2 40.7 13.3 19.3 
3 - - -  3 - - - 
4 - - -  4 - - - 
5 - - -  5 - - - 
Mean 38.5 19.0 14.0  Mean 38.2 16.0 16.4 
St.Dev.(n=5) 5.23 0.99 0.07  St.Dev.(n=5) 3.61 3.75 4.10 
         
69%:30%:01%  69%:30%:01% 
1 - - -  1 - - - 
2 - - -  2 - - - 
3 41.2 19.0 12.6  3 37.7 18.8 12.3 
4 41.6 19.5 13.1  4 40.6 17.9 12.1 
5 40.5 21.2 13.4  5 40.5 19.0 12.7 
Mean 41.1 19.9 13.0  Mean 39.6 18.6 12.4 
St.Dev.(n=5) 0.56 1.15 0.40  St.Dev.(n=5) 1.65 0.59 0.31 
         
     Continued…
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68%:30%:02%  68%:30%:02% 
1 41.6 20.2 12.5  1 41.7 20.1 13.1 
2 38.3 21.4 12.3  2 39.0 19.1 12.5 
3 - - -  3 - - - 
4 40.4 20.3 12.2  4 41.0 19.6 11.9 
5 - - -  5 - - - 
Mean 40.1 20.6 12.3  Mean 40.6 19.6 12.5 
St.Dev.(n=5) 1.67 0.67 0.15  St.Dev.(n=5) 1.40 0.50 0.60 
         
67%:30%:03%  67%:30%:03% 
1 40.2 20.9 13.8  1 41.2 21.3 13.8 
2 38.2 18.0 12.4  2 40.6 20.7 13.4 
3 - - -  3 - - - 
4 39.9 20.7 13.1  4 41.0 20.7 13.7 
5 39.6 23.2 13.9  5 41.3 19.6 15.3 
Mean 39.5 20.7 13.3  Mean 41.0 20.6 14.1 
St.Dev.(n=5) 0.88 2.13 0.70  St.Dev.(n=5) 0.31 0.71 0.85 
         
64%:35%:01%  64%:35%:01% 
1 39.1 19.3 13.5  1 37.9 19.9 13.2 
2 39.7 21.6 13.7  2 41.3 22.0 13.4 
3 40.0 19.6 13.5  3 42.0 19.5 14.3 
4 39.4 27.7 13.9  4 41.2 22.2 13.6 
5 42.4 21.4 13.5  5 42.0 21.1 12.6 
Mean 40.1 21.9 13.6  Mean 40.9 20.9 13.4 
St.Dev.(n=5) 1.32 3.39 0.18  St.Dev.(n=5) 1.71 1.21 0.62 
         
63%:35%:02%  63%:35%:02% 
1 42.6 21.5 13.7  1 41.7 20.3 14.0 
2 38.9 19.4 13.6  2 38.6 17.1 13.0 
3 33.0 19.0 13.0  3 42.0 21.3 13.3 
4 36.1 20.0 13.6  4 40.5 20.6 12.5 
5 35.5 20.0 13.5  5 41.1 20.9 12.7 
Mean 37.2 20.0 13.5  Mean 40.8 20.0 13.1 
St.Dev.(n=5) 3.67 0.95 0.28  St.Dev.(n=5) 1.35 1.68 0.59 
         
62%:35%:03%  62%:35%:03% 
1 39.6 26.6 13.5  1 40.5 20.9 14.7 
2 39.1 25.5 12.9  2 41.1 20.9 12.6 
3 35.7 19.6 14.0  3 40.5 19.4 15.7 
4 36.4 19.7 13.6  4 41.2 20.2 13.0 
5 38.4 20.8 14.3  5 42.1 20.6 13.2 
Mean 37.8 22.4 13.7  Mean 41.1 20.4 13.8 




Nine Month Submergence: 01/15/03  Twelve Month Submergence: 04/14/03 
         
PG:Class C fly ash:Type II Portland cement  PG:Class C fly ash:Type II Portland cement 
77%:20%:03%  77%:20%:03% 











1 38.7 20.1 13.2  1 38.1 19.4 12.9 
2 36.9 18.5 11.5  2 38.0 17.3 12.6 
3 37.7 18.9 12.2  3 33.4 19.0 12.0 
4 34.1 19.3 13.1  4 36.1 18.8 12.1 
5 - - -  5 - - - 
Mean 36.9 19.2 12.5  Mean 36.4 18.6 12.4 
St.Dev.(n=5) 1.98 0.68 0.80  St.Dev.(n=5) 2.20 0.92 0.42 
         
73%:25%:02%  73%:25%:02% 
1 43.1 20.9 15.2  1 42.2 21.7 13.8 
2 42.4 20.8 13.8  2 42.8 21.5 13.5 
3 - - -  3 - - - 
4 41.1 21.9 13.5  4 41.3 18.0 13.7 
5 42.3 21.2 13.3  5 42.7 23.9 13.4 
Mean 42.2 21.2 14.0  Mean 42.3 21.3 13.6 
St.Dev.(n=5) 0.83 0.50 0.86  St.Dev.(n=5) 0.69 2.44 0.18 
         
72%:25%:03%  72%:25%:03% 
1 33.8 17.6 11.8  1 34.8 20.1 13.3 
2 40.0 18.0 12.3  2 42.0 20.6 13.0 
3 - - -  3 - - - 
4 - - -  4 - - - 
5 - - -  5 - - - 
Mean 36.9 17.8 12.1  Mean 38.4 20.4 13.2 
St.Dev.(n=5) 4.38 0.28 0.35  St.Dev.(n=5) 5.09 0.35 0.21 
         
69%:30%:01%  69%:30%:01% 
1 - - -  1 - - - 
2 - - -  2 - - - 
3 36.0 16.9 11.7  3 36.7 18.7 12.4 
4 39.7 18.2 14.7  4 40.7 18.7 12.3 
5 39.5 18.9 15.9  5 40.2 18.6 12.8 
Mean 38.4 18.0 14.1  Mean 39.2 18.7 12.5 
St.Dev.(n=5) 2.08 1.01 2.16  St.Dev.(n=5) 2.18 0.06 0.26 
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68%:30%:02%  68%:30%:02% 
1 39.3 18.9 11.1  1 40.7 20.1 12.6 
2 38.0 19.6 11.4  2 38.4 20.9 12.2 
3 - - -  3 - - - 
4 40.3 21.2 13.6  4 40.7 20.3 12.3 
5 - - -  5 - - - 
Mean 39.2 19.9 12.0  Mean 39.9 20.4 12.4 
St.Dev.(n=5) 1.15 1.18 1.37  St.Dev.(n=5) 1.33 0.42 0.21 
         
67%:30%:03%  67%:30%:03% 
1 40.5 18.7 12.7  1 39.3 19.8 13.2 
2 39.2 17.0 12.0  2 41.0 21.4 13.6 
3 - - -  3 - - - 
4 40.8 20.4 13.8  4 41.2 20.9 13.1 
5 37.5 28.9 16.5  5 39.9 25.7 17.4 
Mean 39.5 21.3 13.8  Mean 40.4 22.0 14.3 
St.Dev.(n=5) 1.50 5.29 1.98  St.Dev.(n=5) 0.90 2.59 2.06 
         
64%:35%:01%  64%:35%:01% 
1 36.9 20.3 13.1  1 37.7 19.9 13.1 
2 40.0 19.9 13.2  2 42.4 21.2 13.4 
3 40.7 19.0 13.1  3 41.8 19.5 13.7 
4 39.5 21.6 14.4  4 40.9 22.1 13.6 
5 40.9 20.4 12.5  5 41.8 20.7 12.7 
Mean 39.6 20.2 13.3  Mean 40.9 20.7 13.3 
St.Dev.(n=5) 1.61 0.94 0.69  St.Dev.(n=5) 1.88 1.04 0.41 
         
63%:35%:02%  63%:35%:02% 
1 41.1 21.7 15.1  1 41.7 20.4 13.3 
2 39.1 16.1 12.8  2 39.4 16.6 13.9 
3 41.4 20.8 14.6  3 42.1 21.9 13.2 
4 39.9 19.4 12.4  4 39.2 20.4 12.9 
5 39.8 21.0 14.5  5 40.6 20.9 12.8 
Mean 40.3 19.8 13.9  Mean 40.6 20.0 13.2 
St.Dev.(n=5) 0.96 2.23 1.20  St.Dev.(n=5) 1.31 2.02 0.43 
         
62%:35%:03%  62%:35%:03% 
1 40.9 19.0 12.7  1 40.3 20.5 13.5 
2 41.7 20.7 12.9  2 41.3 20.7 12.2 
3 42.4 19.8 13.5  3 41.9 21.0 13.4 
4 42.4 20.4 14.2  4 41.4 21.0 13.4 
5 40.3 50.4 21.1  5 41.1 21.3 12.9 
Mean 41.5 26.1 14.9  Mean 41.2 20.9 13.1 


















Appendix B: 28-day Dynamic Leaching Study Results  
 
      (Initial Nine PG Composite Combinations) 
- Cumulative Fluxes Calculation for Calcium Release 
- Cumulative Fluxes Calculation for Sulfate Release 




Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day 0.08  
ID 
PG:Class C Fly 
ash:Portland 















1   391.3444 99.7928 31.8502 31.8502 1.4988 
2 77%:20%:03% 405.0247 103.2813 35.3387 35.3387 1.6630 
3   397.3409 101.3219 33.3793 33.3793 1.5708 
4   387.0825 98.7060 30.7634 30.7634 1.4477 
5 73%:25%:02% 360.1098 91.8280 23.8854 23.8854 1.1240 
6   367.8698 93.8068 25.8642 25.8642 1.2171 
7   361.8111 92.2618 24.3192 24.3192 1.1444 
8 72%:25%:03% 359.3352 91.6305 23.6879 23.6879 1.1147 
9   376.6983 96.0581 28.1155 28.1155 1.3231 
10   343.7617 87.6592 19.7166 19.7166 0.9278 
11 69%:30%:01% 351.1322 89.5387 21.5961 21.5961 1.0163 
12   332.1637 84.7017 16.7591 16.7591 0.7887 
13   325.8992 83.1043 15.1617 15.1617 0.7135 
14 68%:30%:02% 362.4854 92.4338 24.4912 24.4912 1.1525 
15   362.8911 92.5372 24.5946 24.5946 1.1574 
16   369.5329 94.2309 26.2883 26.2883 1.2371 
17 67%:30%:03% 362.3136 92.3900 24.4474 24.4474 1.1505 
18   364.9949 93.0737 25.1311 25.1311 1.1826 
19   381.3251 97.2379 29.2953 29.2953 1.3786 
20 64%:35%:01% 344.0657 87.7368 19.7942 19.7942 0.9315 
21   357.7276 91.2205 23.2779 23.2779 1.0954 
22   346.7738 88.4273 20.4847 20.4847 0.9640 
23 63%:35%:02% 352.7251 89.9449 22.0023 22.0023 1.0354 
24   342.1266 87.2423 19.2997 19.2997 0.9082 
25   358.5255 91.4240 23.4814 23.4814 1.1050 
26 62%:35%:03% 344.8659 87.9408 19.9982 19.9982 0.9411 
27   354.1046 90.2967 22.3541 22.3541 1.0520 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day 0.29  
ID 
PG:Class C Fly 
ash:Portland 















1   337.2904 86.0090 18.0664 49.9167 2.3490 
2 77%:20%:03% 347.2996 88.5614 20.6188 55.9575 2.6333 
3   353.4659 90.1338 22.1912 55.5705 2.6151 
4   333.6072 85.0698 17.1272 47.8907 2.2537 
5 73%:25%:02% 331.2454 84.4676 16.5250 40.4104 1.9017 
6   330.7597 84.3437 16.4011 42.2653 1.9890 
7   337.3704 86.0294 18.0868 42.4061 1.9956 
8 72%:25%:03% 340.5903 86.8505 18.9079 42.5958 2.0045 
9   346.2689 88.2986 20.3560 48.4714 2.2810 
10   322.8287 82.3213 14.3787 34.0953 1.6045 
11 69%:30%:01% 327.9155 83.6184 15.6758 37.2720 1.7540 
12   329.4247 84.0033 16.0607 32.8198 1.5445 
13   336.7201 85.8636 17.9210 33.0827 1.5568 
14 68%:30%:02% 351.7500 89.6962 21.7536 46.2448 2.1762 
15   337.0835 85.9563 18.0137 42.6083 2.0051 
16   329.0963 83.9195 15.9769 42.2652 1.9890 
17 67%:30%:03% 347.4096 88.5894 20.6468 45.0942 2.1221 
18   340.4637 86.8182 18.8756 44.0067 2.0709 
19   326.5608 83.2730 15.3304 44.6257 2.1000 
20 64%:35%:01% 343.5858 87.6144 19.6718 39.4659 1.8572 
21   336.7164 85.8627 17.9201 41.1980 1.9387 
22   322.7851 82.3102 14.3676 34.8523 1.6401 
23 63%:35%:02% 327.7872 83.5857 15.6431 37.6454 1.7715 
24   324.0587 82.6350 14.6924 33.9920 1.5996 
25   321.3339 81.9401 13.9975 37.4789 1.7637 
26 62%:35%:03% 320.5439 81.7387 13.7961 33.7943 1.5903 
27   327.9243 83.6207 15.6781 38.0322 1.7897 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day 1  
ID 
PG:Class C Fly 
ash:Portland 















1   444.6054 113.3744 45.4318 95.3485 4.4870 
2 77%:20%:03% 485.1320 123.7087 55.7661 111.7235 5.2576 
3   490.2219 125.0066 57.0640 112.6345 5.3004 
4   429.6465 109.5598 41.6172 89.5079 4.2121 
5 73%:25%:02% 431.2744 109.9750 42.0324 82.4427 3.8797 
6   418.5953 106.7418 38.7992 81.0645 3.8148 
7   440.2599 112.2663 44.3237 86.7298 4.0814 
8 72%:25%:03% 444.8314 113.4320 45.4894 88.0852 4.1452 
9   455.5489 116.1650 48.2224 96.6938 4.5503 
10   426.8030 108.8348 40.8922 74.9875 3.5288 
11 69%:30%:01% 417.7012 106.5138 38.5712 75.8432 3.5691 
12   435.0986 110.9501 43.0075 75.8274 3.5683 
13   444.7201 113.4036 45.4610 78.5438 3.6962 
14 68%:30%:02% 441.1155 112.4845 44.5419 90.7867 4.2723 
15   426.9635 108.8757 40.9331 83.5414 3.9314 
16   425.4931 108.5007 40.5581 82.8234 3.8976 
17 67%:30%:03% 422.4087 107.7142 39.7716 84.8658 3.9937 
18   447.3927 114.0851 46.1425 90.1493 4.2423 
19   415.5271 105.9594 38.0168 82.6425 3.8891 
20 64%:35%:01% 430.0896 109.6728 41.7302 81.1962 3.8210 
21   435.4719 111.0453 43.1027 84.3007 3.9671 
22   422.1701 107.6534 39.7108 74.5631 3.5089 
23 63%:35%:02% 414.3784 105.6665 37.7239 75.3693 3.5468 
24   418.9617 106.8352 38.8926 72.8847 3.4299 
25   384.7483 98.1108 30.1682 67.6472 3.1834 
26 62%:35%:03% 382.6254 97.5695 29.6269 63.4212 2.9845 
27   399.3078 101.8235 33.8809 71.9130 3.3841 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day 2  
ID 
PG:Class C Fly 
ash:Portland 















1   453.6160 115.6721 47.7295 143.0779 6.7331 
2 77%:20%:03% 470.4974 119.9768 52.0342 163.7578 7.7062 
3   481.2237 122.7120 54.7694 167.4040 7.8778 
4   431.5704 110.0504 42.1078 131.6157 6.1937 
5 73%:25%:02% 441.4333 112.5655 44.6229 127.0656 5.9796 
6   433.7622 110.6094 42.6668 123.7313 5.8226 
7   470.5712 119.9957 52.0531 138.7828 6.5310 
8 72%:25%:03% 484.2576 123.4857 55.5431 143.6283 6.7590 
9   449.5137 114.6260 46.6834 143.3772 6.7472 
10   423.4237 107.9731 40.0305 115.0180 5.4126 
11 69%:30%:01% 420.1245 107.1318 39.1892 115.0323 5.4133 
12   401.1871 102.3027 34.3601 110.1875 5.1853 
13   439.0177 111.9495 44.0069 122.5507 5.7671 
14 68%:30%:02% 434.4509 110.7850 42.8424 133.6291 6.2884 
15   425.5306 108.5103 40.5677 124.1091 5.8404 
16   421.1833 107.4018 39.4592 122.2825 5.7545 
17 67%:30%:03% 433.1184 110.4452 42.5026 127.3684 5.9938 
18   440.4068 112.3037 44.3611 134.5104 6.3299 
19   415.1636 105.8667 37.9241 120.5666 5.6737 
20 64%:35%:01% 418.2374 106.6505 38.7079 119.9041 5.6425 
21   435.0239 110.9311 42.9885 127.2892 5.9901 
22   434.0875 110.6923 42.7497 117.3128 5.5206 
23 63%:35%:02% 423.1008 107.8907 39.9481 115.3175 5.4267 
24   415.3914 105.9248 37.9822 110.8669 5.2173 
25   411.2783 104.8760 36.9334 104.5805 4.9214 
26 62%:35%:03% 422.6574 107.7776 39.8350 103.2562 4.8591 
27   417.0447 106.3464 38.4038 110.3168 5.1914 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day 3  
ID 
PG:Class C Fly 
ash:Portland 















1   424.5502 108.2603 40.3177 183.3956 8.6304 
2 77%:20%:03% 399.2078 101.7980 33.8554 197.6132 9.2994 
3   400.0806 102.0206 34.0780 201.4819 9.4815 
4   382.9611 97.6551 29.7125 161.3282 7.5919 
5 73%:25%:02% 366.8023 93.5346 25.5920 152.6576 7.1839 
6   367.0436 93.5961 25.6535 149.3848 7.0299 
7   389.2501 99.2588 31.3162 170.0990 8.0047 
8 72%:25%:03% 405.6011 103.4283 35.4857 179.1140 8.4289 
9   416.5022 106.2081 38.2655 181.6427 8.5479 
10   384.9191 98.1544 30.2118 145.2297 6.8343 
11 69%:30%:01% 370.0533 94.3636 26.4210 141.4533 6.6566 
12   367.9679 93.8318 25.8892 136.0767 6.4036 
13   381.6673 97.3252 29.3826 151.9332 7.1498 
14 68%:30%:02% 377.8136 96.3425 28.3999 162.0289 7.6249 
15   382.3954 97.5108 29.5682 153.6774 7.2319 
16   384.3111 97.9993 30.0567 152.3393 7.1689 
17 67%:30%:03% 375.5903 95.7755 27.8329 155.2013 7.3036 
18   397.0485 101.2474 33.3048 167.8152 7.8972 
19   370.6228 94.5088 26.5662 147.1328 6.9239 
20 64%:35%:01% 376.2691 95.9486 28.0060 147.9102 6.9605 
21   386.1421 98.4662 30.5236 157.8129 7.4265 
22   372.1292 94.8929 26.9503 144.2632 6.7889 
23 63%:35%:02% 375.3828 95.7226 27.7800 143.0975 6.7340 
24   357.6380 91.1977 23.2551 134.1220 6.3116 
25   372.1176 94.8900 26.9474 131.5279 6.1895 
26 62%:35%:03% 365.3317 93.1596 25.2170 128.4732 6.0458 
27   366.3432 93.4175 25.4749 135.7917 6.3902 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day4  
ID 
PG:Class C Fly 
ash:Portland 















1   424.5502 108.2603 40.3177 223.7133 10.5277 
2 77%:20%:03% 399.2078 101.7980 33.8554 231.4685 10.8926 
3   400.0806 102.0206 34.0780 235.5599 11.0852 
4   382.9611 97.6551 29.7125 191.0407 8.9902 
5 73%:25%:02% 366.8023 93.5346 25.5920 178.2496 8.3882 
6   367.0436 93.5961 25.6535 175.0383 8.2371 
7   389.2501 99.2588 31.3162 201.4152 9.4784 
8 72%:25%:03% 405.6011 103.4283 35.4857 214.5996 10.0988 
9   416.5022 106.2081 38.2655 219.9081 10.3486 
10   384.9191 98.1544 30.2118 175.4415 8.2561 
11 69%:30%:01% 370.0533 94.3636 26.4210 167.8743 7.9000 
12   367.9679 93.8318 25.8892 161.9659 7.6219 
13   381.6673 97.3252 29.3826 181.3158 8.5325 
14 68%:30%:02% 377.8136 96.3425 28.3999 190.4288 8.9614 
15   382.3954 97.5108 29.5682 183.2456 8.6233 
16   384.3111 97.9993 30.0567 182.3960 8.5833 
17 67%:30%:03% 375.5903 95.7755 27.8329 183.0343 8.6134 
18   397.0485 101.2474 33.3048 201.1199 9.4645 
19   370.6228 94.5088 26.5662 173.6990 8.1741 
20 64%:35%:01% 376.2691 95.9486 28.0060 175.9162 8.2784 
21   386.1421 98.4662 30.5236 188.3365 8.8629 
22   372.1292 94.8929 26.9503 171.2135 8.0571 
23 63%:35%:02% 375.3828 95.7226 27.7800 170.8775 8.0413 
24   357.6380 91.1977 23.2551 157.3770 7.4060 
25   372.1176 94.8900 26.9474 158.4753 7.4577 
26 62%:35%:03% 365.3317 93.1596 25.2170 153.6902 7.2325 
27   366.3432 93.4175 25.4749 161.2667 7.5890 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day 5  
ID 
PG:Class C Fly 
ash:Portland 















1   397.8525 101.4524 33.5098 257.2231 12.1046 
2 77%:20%:03% 378.6518 96.5562 28.6136 260.0821 12.2392 
3   377.1067 96.1622 28.2196 263.7795 12.4132 
4   343.3725 87.5600 19.6174 210.6581 9.9133 
5 73%:25%:02% 341.3032 87.0323 19.0897 197.3393 9.2866 
6   346.7342 88.4172 20.4746 195.5129 9.2006 
7   365.7441 93.2648 25.3222 226.7373 10.6700 
8 72%:25%:03% 391.9790 99.9546 32.0120 246.6117 11.6053 
9   383.2195 97.7210 29.7784 249.6865 11.7500 
10   362.5016 92.4379 24.4953 199.9368 9.4088 
11 69%:30%:01% 361.8356 92.2681 24.3255 192.1998 9.0447 
12   361.7954 92.2578 24.3152 186.2812 8.7662 
13   374.4217 95.4775 27.5349 208.8507 9.8283 
14 68%:30%:02% 378.2597 96.4562 28.5136 218.9424 10.3032 
15   375.7227 95.8093 27.8667 211.1123 9.9347 
16   368.8134 94.0474 26.1048 208.5008 9.8118 
17 67%:30%:03% 371.3220 94.6871 26.7445 209.7788 9.8719 
18   370.5726 94.4960 26.5534 227.6734 10.7140 
19   365.4240 93.1831 25.2405 198.9396 9.3619 
20 64%:35%:01% 342.7511 87.4015 19.4589 195.3751 9.1941 
21   372.0920 94.8835 26.9409 215.2774 10.1307 
22   361.4465 92.1689 24.2263 195.4398 9.1972 
23 63%:35%:02% 362.6905 92.4861 24.5435 195.4210 9.1963 
24   361.8050 92.2603 24.3177 181.6947 8.5503 
25   363.9324 92.8028 24.8602 183.3355 8.6276 
26 62%:35%:03% 358.8995 91.5194 23.5768 177.2669 8.3420 
27   367.3734 93.6802 25.7376 187.0043 8.8002 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day 8  
ID 
PG:Class C Fly 
ash:Portland 















1   529.9174 135.1289 67.1863 324.4094 15.2663 
2 77%:20%:03% 523.5177 133.4970 65.5544 325.6366 15.3241 
3   539.6312 137.6059 69.6633 333.4429 15.6914 
4   480.3659 122.4933 54.5507 265.2088 12.4804 
5 73%:25%:02% 473.2991 120.6913 52.7487 250.0880 11.7688 
6   476.9594 121.6246 53.6820 249.1950 11.7268 
7   502.8513 128.2271 60.2845 287.0218 13.5069 
8 72%:25%:03% 534.9598 136.4148 68.4722 315.0838 14.8275 
9   500.5123 127.6306 59.6880 309.3745 14.5588 
10   470.5308 119.9853 52.0427 251.9795 11.8579 
11 69%:30%:01% 473.2450 120.6775 52.7349 244.9347 11.5263 
12   478.0690 121.9076 53.9650 240.2461 11.3057 
13   492.9126 125.6927 57.7501 266.6008 12.5459 
14 68%:30%:02% 495.5147 126.3562 58.4136 277.3561 13.0521 
15   501.2896 127.8289 59.8863 270.9986 12.7529 
16   505.1076 128.8024 60.8598 269.3606 12.6758 
17 67%:30%:03% 497.2780 126.8059 58.8633 268.6421 12.6420 
18   507.9351 129.5235 61.5809 289.2542 13.6120 
19   484.2512 123.4841 55.5415 254.4810 11.9756 
20 64%:35%:01% 496.6684 126.6505 58.7079 254.0830 11.9568 
21   482.6233 123.0689 55.1263 270.4037 12.7249 
22   502.5422 128.1483 60.2057 255.6454 12.0304 
23 63%:35%:02% 488.7369 124.6279 56.6853 252.1063 11.8638 
24   476.4252 121.4884 53.5458 235.2405 11.0701 
25   492.6160 125.6171 57.6745 241.0100 11.3416 
26 62%:35%:03% 491.0737 125.2238 57.2812 234.5481 11.0376 
27   479.3670 122.2386 54.2960 241.3003 11.3553 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day 11  
ID 
PG:Class C Fly 
ash:Portland 















1   480.8992 122.6293 54.6867 379.0961 17.8398 
2 77%:20%:03% 482.7921 123.1120 55.1694 380.8059 17.9203 
3   481.0481 122.6673 54.7247 388.1675 18.2667 
4   435.3825 111.0225 43.0799 308.2887 14.5077 
5 73%:25%:02% 410.8479 104.7662 36.8236 286.9116 13.5017 
6   416.7985 106.2836 38.3410 287.5360 13.5311 
7   464.8627 118.5400 50.5974 337.6192 15.8880 
8 72%:25%:03% 461.1005 117.5806 49.6380 364.7219 17.1634 
9   446.1880 113.7779 45.8353 355.2099 16.7158 
10   408.1273 104.0725 36.1299 288.1094 13.5581 
11 69%:30%:01% 407.6113 103.9409 35.9983 280.9330 13.2204 
12   404.0574 103.0346 35.0920 275.3382 12.9571 
13   441.3605 112.5469 44.6043 311.2052 14.6449 
14 68%:30%:02% 434.0426 110.6809 42.7383 320.0943 15.0633 
15   433.0320 110.4232 42.4806 313.4791 14.7520 
16   438.3948 111.7907 43.8481 313.2087 14.7392 
17 67%:30%:03% 438.9722 111.9379 43.9953 312.6374 14.7123 
18   451.0916 115.0284 47.0858 336.3400 15.8278 
19   402.6812 102.6837 34.7411 289.2221 13.6105 
20 64%:35%:01% 425.5608 108.5180 40.5754 294.6584 13.8663 
21   417.9561 106.5788 38.6362 309.0399 14.5431 
22   422.3405 107.6968 39.7542 295.3997 13.9012 
23 63%:35%:02% 422.5832 107.7587 39.8161 291.9224 13.7375 
24   411.5194 104.9375 36.9949 272.2354 12.8111 
25   405.8488 103.4915 35.5489 276.5588 13.0145 
26 62%:35%:03% 417.6564 106.5024 38.5598 273.1079 12.8521 
27   419.3383 106.9313 38.9887 280.2889 13.1901 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day14  
ID 
PG:Class C Fly 
ash:Portland 















1   461.7440 117.7447 49.8021 428.8983 20.1834 
2 77%:20%:03% 459.2261 117.1026 49.1600 429.9660 20.2337 
3   483.4377 123.2766 55.3340 443.5015 20.8707 
4   420.3095 107.1789 39.2363 347.5250 16.3541 
5 73%:25%:02% 423.7819 108.0644 40.1218 327.0334 15.3898 
6   419.5692 106.9901 39.0475 326.5835 15.3686 
7   444.4143 113.3257 45.3831 383.0022 18.0236 
8 72%:25%:03% 469.8951 119.8232 51.8806 416.6025 19.6048 
9   457.4222 116.6426 48.7000 403.9099 19.0075 
10   430.2139 109.7045 41.7619 329.8713 15.5234 
11 69%:30%:01% 422.6412 107.7735 39.8309 320.7639 15.0948 
12   427.1094 108.9129 40.9703 316.3085 14.8851 
13   439.8985 112.1741 44.2315 355.4367 16.7264 
14 68%:30%:02% 433.3771 110.5112 42.5686 362.6629 17.0665 
15   431.1301 109.9382 41.9956 355.4747 16.7282 
16   435.8003 111.1291 43.1865 356.3952 16.7715 
17 67%:30%:03% 451.2685 115.0735 47.1309 359.7682 16.9303 
18   443.6466 113.1299 45.1873 381.5272 17.9542 
19   419.2135 106.8995 38.9569 328.1790 15.4437 
20 64%:35%:01% 430.9479 109.8917 41.9491 336.6075 15.8404 
21   426.4198 108.7370 40.7944 349.8344 16.4628 
22   433.4500 110.5298 42.5872 337.9868 15.9053 
23 63%:35%:02% 427.9404 109.1248 41.1822 333.1046 15.6755 
24   413.0771 105.3347 37.3921 309.6274 14.5707 
25   407.7719 103.9818 36.0392 312.5981 14.7105 
26 62%:35%:03% 432.4201 110.2671 42.3245 315.4324 14.8439 
27   421.4304 107.4648 39.5222 319.8111 15.0499 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day 21  
ID 
PG:Class C Fly 
ash:Portland 















1   624.5559 159.2617 91.3191 520.2174 24.4808 
2 77%:20%:03% 591.8168 150.9133 82.9707 512.9367 24.1382 
3   624.1840 159.1669 91.2243 534.7259 25.1636 
4   557.0778 142.0548 74.1122 421.6373 19.8418 
5 73%:25%:02% 542.0377 138.2196 70.2770 397.3104 18.6970 
6   526.0904 134.1530 66.2104 392.7940 18.4844 
7   585.0172 149.1794 81.2368 464.2390 21.8465 
8 72%:25%:03% 601.8379 153.4687 85.5261 502.1286 23.6296 
9   592.8772 151.1837 83.2411 487.1510 22.9248 
10   536.0918 136.7034 68.7608 398.6321 18.7592 
11 69%:30%:01% 545.7592 139.1686 71.2260 391.9899 18.4466 
12   542.0537 138.2237 70.2811 386.5896 18.1924 
13   567.6815 144.7588 76.8162 432.2529 20.3413 
14 68%:30%:02% 570.1385 145.3853 77.4427 440.1056 20.7109 
15   573.8702 146.3369 78.3943 433.8690 20.4174 
16   583.7011 148.8438 80.9012 437.2964 20.5787 
17 67%:30%:03% 574.1744 146.4145 78.4719 438.2401 20.6231 
18   587.9471 149.9265 81.9839 463.5112 21.8123 
19   499.5943 127.3965 59.4539 387.6329 18.2415 
20 64%:35%:01% 560.3470 142.8885 74.9459 411.5534 19.3672 
21   560.2387 142.8609 74.9183 424.7526 19.9884 
22   529.1575 134.9352 66.9926 404.9794 19.0579 
23 63%:35%:02% 537.9070 137.1663 69.2237 402.3283 18.9331 
24   532.2023 135.7116 67.7690 377.3964 17.7598 
25   556.5144 141.9112 73.9686 386.5666 18.1914 
26 62%:35%:03% 552.6451 140.9245 72.9819 388.4143 18.2783 
27   545.3422 139.0623 71.1197 390.9308 18.3967 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Calcium Fluxes: 
 
   Initial Nine PG Compositions                                               Calcium Leaching Study Data: Day 28  
ID 
PG:Class C Fly 
ash:Portland 















1   579.9474 147.8866 79.9440 600.1614 28.2429 
2 77%:20%:03% 802.0306 204.5178 136.5752 649.5119 30.5653 
3   602.4336 153.6206 85.6780 620.4038 29.1955 
4   508.0535 129.5536 61.6110 483.2483 22.7411 
5 73%:25%:02% 515.8907 131.5521 63.6095 460.9199 21.6903 
6   514.2661 131.1379 63.1953 455.9892 21.4583 
7   553.4587 141.1320 73.1894 537.4284 25.2907 
8 72%:25%:03% 543.4347 138.5758 70.6332 572.7618 26.9535 
9   562.7621 143.5043 75.5617 562.7127 26.4806 
10   509.2061 129.8476 61.9050 460.5371 21.6723 
11 69%:30%:01% 515.6726 131.4965 63.5539 455.5438 21.4374 
12   516.3077 131.6585 63.7159 450.3054 21.1908 
13   530.9696 135.3972 67.4546 499.7075 23.5156 
14 68%:30%:02% 541.8218 138.1646 70.2220 510.3276 24.0154 
15   533.6473 136.0800 68.1374 502.0064 23.6238 
16   548.5467 139.8794 71.9368 509.2332 23.9639 
17 67%:30%:03% 551.0860 140.5269 72.5843 510.8244 24.0388 
18   544.3698 138.8143 70.8717 534.3829 25.1474 
19   509.8780 130.0189 62.0763 449.7092 21.1628 
20 64%:35%:01% 515.6035 131.4789 63.5363 475.0897 22.3572 
21   518.9552 132.3336 64.3910 489.1436 23.0185 
22   510.6806 130.2236 62.2810 467.2603 21.9887 
23 63%:35%:02% 510.5018 130.1779 62.2353 464.5636 21.8618 
24   510.3661 130.1433 62.2007 439.5972 20.6869 
25   511.3678 130.3988 62.4562 449.0228 21.1305 
26 62%:35%:03% 518.4562 132.2063 64.2637 452.6781 21.3025 
27   533.1034 135.9414 67.9988 458.9295 21.5967 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 0.08 
ID  
PG:Class C Fly 
ash:Portland 














1   1798.6377 458.6526 105.9781 105.9781 4.9872 
2 77%:20%:03% 1784.4850 455.0437 102.3692 102.3692 4.8174 
3   1812.9338 462.2981 109.6236 109.6236 5.1588 
4   1724.8503 439.8368 87.1623 87.1623 4.1018 
5 73%:25%:02% 1765.0006 450.0752 97.4007 97.4007 4.5836 
6   1737.4155 443.0410 90.3665 90.3665 4.2525 
7   1745.2956 445.0504 92.3759 92.3759 4.3471 
8 72%:25%:03% 1741.7590 444.1486 91.4741 91.4741 4.3047 
9   1826.3446 465.7179 113.0434 113.0434 5.3197 
10   1699.4208 433.3523 80.6778 80.6778 3.7966 
11 69%:30%:01% 1767.8901 450.8120 98.1375 98.1375 4.6182 
12   1684.7336 429.6071 76.9326 76.9326 3.6204 
13   1627.6170 415.0423 62.3678 62.3678 2.9350 
14 68%:30%:02% 1774.6243 452.5292 99.8547 99.8547 4.6990 
15   1776.8740 453.1029 100.4284 100.4284 4.7260 
16   1757.0060 448.0365 95.3620 95.3620 4.4876 
17 67%:30%:03% 1765.1407 450.1109 97.4364 97.4364 4.5852 
18   1686.8811 430.1547 77.4802 77.4802 3.6461 
19   1700.5096 433.6300 80.9555 80.9555 3.8097 
20 64%:35%:01% 1688.4536 430.5557 77.8812 77.8812 3.6650 
21   1713.4446 436.9284 84.2539 84.2539 3.9649 
22   1681.1257 428.6870 76.0125 76.0125 3.5771 
23 63%:35%:02% 1714.5753 437.2167 84.5422 84.5422 3.9785 
24   1680.4264 428.5087 75.8342 75.8342 3.5687 
25   1721.4410 438.9674 86.2929 86.2929 4.0608 
26 62%:35%:03% 1724.8708 439.8420 87.1675 87.1675 4.1020 
27   1699.7272 433.4304 80.7559 80.7559 3.8003 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Calulation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 0.29 
ID  
PG:Class C Fly 
ash:Portland 














1   1747.4693 445.6047 92.9302 198.9083 9.3604 
2 77%:20%:03% 1769.2012 451.1463 98.4718 200.8410 9.4513 
3   1812.3512 462.1495 109.4750 219.0987 10.3105 
4   1724.6795 439.7933 87.1188 174.2811 8.2015 
5 73%:25%:02% 1725.1632 439.9166 87.2421 184.6428 8.6891 
6   1731.4511 441.5200 88.8455 179.2120 8.4335 
7   1764.2187 449.8758 97.2013 189.5771 8.9213 
8 72%:25%:03% 1776.2234 452.9370 100.2625 191.7365 9.0229 
9   1795.6819 457.8989 105.2244 218.2678 10.2714 
10   1667.4764 425.2065 72.5320 153.2098 7.2099 
11 69%:30%:01% 1728.6184 440.7977 88.1232 186.2607 8.7652 
12   1711.1425 436.3413 83.6668 160.5994 7.5576 
13   1740.4908 443.8252 91.1507 153.5185 7.2244 
14 68%:30%:02% 1827.6602 466.0533 113.3788 213.2335 10.0345 
15   1739.0963 443.4695 90.7950 191.2234 8.9987 
16   1697.0109 432.7378 80.0633 175.4253 8.2553 
17 67%:30%:03% 1821.6918 464.5314 111.8569 209.2933 9.8491 
18   1788.2754 456.0102 103.3357 180.8159 8.5090 
19   1686.1642 429.9719 77.2974 158.2528 7.4472 
20 64%:35%:01% 1764.6865 449.9951 97.3206 175.2017 8.2448 
21   1705.8205 434.9842 82.3097 166.5636 7.8383 
22   1735.3138 442.5050 89.8305 165.8431 7.8044 
23 63%:35%:02% 1743.4679 444.5843 91.9098 176.4520 8.3036 
24   1712.0238 436.5661 83.8916 159.7258 7.5165 
25   1679.5939 428.2964 75.6219 161.9149 7.6195 
26 62%:35%:03% 1709.0101 435.7976 83.1231 170.2906 8.0137 
27   1743.1913 444.5138 91.8393 172.5952 8.1221 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 1  
ID  
PG:Class C Fly 
ash:Portland 














1   1859.4116 474.1500 121.4755 320.3837 15.0769 
2 77%:20%:03% 1967.3869 501.6837 149.0092 349.8501 16.4635 
3   1978.6107 504.5457 151.8712 370.9699 17.4574 
4   1773.4248 452.2233 99.5488 273.8299 12.8861 
5 73%:25%:02% 1727.5113 440.5154 87.8409 272.4837 12.8228 
6   1713.2738 436.8848 84.2103 263.4223 12.3963 
7   1778.2466 453.4529 100.7784 290.3555 13.6638 
8 72%:25%:03% 1805.6290 460.4354 107.7609 299.4974 14.0940 
9   1863.6271 475.2249 122.5504 340.8182 16.0385 
10   1775.8359 452.8381 100.1636 253.3734 11.9235 
11 69%:30%:01% 1770.4183 451.4567 98.7822 285.0428 13.4138 
12   1807.1840 460.8319 108.1574 268.7568 12.6474 
13   1779.2017 453.6964 101.0219 254.5404 11.9784 
14 68%:30%:02% 1796.4591 458.0971 105.4226 318.6561 14.9956 
15   1782.5515 454.5506 101.8761 293.0995 13.7929 
16   1793.4935 457.3408 104.6663 280.0916 13.1808 
17 67%:30%:03% 1755.4423 447.6378 94.9633 304.2566 14.3180 
18   1797.3772 458.3312 105.6567 286.4726 13.4811 
19   1751.7242 446.6897 94.0152 252.2680 11.8714 
20 64%:35%:01% 1780.1725 453.9440 101.2695 276.4712 13.0104 
21   1729.9667 441.1415 88.4670 255.0306 12.0014 
22   1713.9862 437.0665 84.3920 250.2350 11.7758 
23 63%:35%:02% 1680.1902 428.4485 75.7740 252.2260 11.8695 
24   1726.9467 440.3714 87.6969 247.4227 11.6434 
25   1579.6592 402.8131 50.1386 212.0535 9.9790 
26 62%:35%:03% 1583.6689 403.8356 51.1611 221.4517 10.4213 
27   1659.5617 423.1882 70.5137 243.1089 11.4404 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 2  
ID  
PG:Class C Fly 
ash:Portland 














1   1924.8703 490.8419 138.1674 458.5512 21.5789 
2 77%:20%:03% 1961.1389 500.0904 147.4159 497.2661 23.4008 
3   1915.8268 488.5358 135.8613 506.8312 23.8509 
4   1822.5623 464.7534 112.0789 385.9088 18.1604 
5 73%:25%:02% 1806.7876 460.7308 108.0563 380.5400 17.9078 
6   1837.5099 468.5650 115.8905 379.3128 17.8500 
7   1898.9993 484.2448 131.5703 421.9258 19.8553 
8 72%:25%:03% 1974.5742 503.5164 150.8419 450.3394 21.1924 
9   1839.4571 469.0616 116.3871 457.2052 21.5155 
10   1841.1446 469.4919 116.8174 370.1908 17.4207 
11 69%:30%:01% 1787.1597 455.7257 103.0512 388.0940 18.2632 
12   1746.8707 445.4520 92.7775 361.5344 17.0134 
13   1822.7186 464.7932 112.1187 366.6592 17.2545 
14 68%:30%:02% 1840.7047 469.3797 116.7052 435.3613 20.4876 
15   1767.0855 450.6068 97.9323 391.0318 18.4015 
16   1793.6731 457.3866 104.7121 384.8038 18.1084 
17 67%:30%:03% 1766.3843 450.4280 97.7535 402.0101 18.9181 
18   1793.5664 457.3594 104.6849 391.1575 18.4074 
19   1736.3571 442.7711 90.0966 342.3645 16.1113 
20 64%:35%:01% 1775.1123 452.6536 99.9791 376.4504 17.7153 
21   1753.6176 447.1725 94.4980 349.5286 16.4484 
22   1785.0065 455.1766 102.5021 352.7372 16.5994 
23 63%:35%:02% 1793.7776 457.4133 104.7388 356.9648 16.7983 
24   1751.6183 446.6627 93.9882 341.4109 16.0664 
25   1773.2945 452.1901 99.5156 311.5691 14.6621 
26 62%:35%:03% 1799.6108 458.9008 106.2263 327.6779 15.4201 
27   1728.1602 440.6809 88.0064 331.1153 15.5819 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 3  
ID  
PG:Class C Fly 
ash:Portland 














1   1800.7630 459.1946 106.5201 565.0712 26.5916 
2 77%:20%:03% 1770.4415 451.4626 98.7881 596.0541 28.0496 
3   1738.5653 443.3341 90.6596 597.4909 28.1172 
4   1718.0728 438.1086 85.4341 471.3429 22.1808 
5 73%:25%:02% 1725.3612 439.9671 87.2926 467.8326 22.0157 
6   1688.8735 430.6627 77.9882 457.3011 21.5201 
7   1700.0797 433.5203 80.8458 502.7717 23.6598 
8 72%:25%:03% 1723.5715 439.5107 86.8362 537.1756 25.2789 
9   1763.2059 449.6175 96.9430 554.1482 26.0776 
10   1735.1624 442.4664 89.7919 459.9827 21.6462 
11 69%:30%:01% 1730.7788 441.3486 88.6741 476.7681 22.4361 
12   1713.0616 436.8307 84.1562 445.6905 20.9737 
13   1686.3871 430.0287 77.3542 444.0134 20.8947 
14 68%:30%:02% 1715.0245 437.3313 84.6568 520.0181 24.4714 
15   1739.7223 443.6292 90.9547 481.9865 22.6817 
16   1728.9827 440.8906 88.2161 473.0199 22.2598 
17 67%:30%:03% 1721.6960 439.0325 86.3580 488.3681 22.9820 
18   1731.0329 441.4134 88.7389 479.8964 22.5834 
19   1679.5252 428.2789 75.6044 417.9690 19.6691 
20 64%:35%:01% 1659.6741 423.2169 70.5424 446.9928 21.0350 
21   1694.3028 432.0472 79.3727 428.9013 20.1836 
22   1637.5464 417.5743 64.8998 417.6370 19.6535 
23 63%:35%:02% 1701.8389 433.9689 81.2944 438.2592 20.6240 
24   1689.0459 430.7067 78.0322 419.4431 19.7385 
25   1678.2483 427.9533 75.2788 386.8479 18.2046 
26 62%:35%:03% 1689.6799 430.8684 78.1939 405.8718 19.0999 
27   1655.4500 422.1397 69.4652 400.5805 18.8508 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 4  
ID  
PG:Class C Fly 
ash:Portland 














1   1727.8703 440.6069 87.9324 653.0036 30.7296 
2 77%:20%:03% 1738.7775 443.3883 90.7138 686.7679 32.3185 
3   1633.6144 416.5717 63.8972 661.3880 31.1241 
4   1564.8052 399.0253 46.3508 517.6937 24.3621 
5 73%:25%:02% 1547.5178 394.6170 41.9425 509.7751 23.9894 
6   1585.8272 404.3859 51.7114 509.0125 23.9535 
7   1657.2447 422.5974 69.9229 572.6945 26.9503 
8 72%:25%:03% 1635.9978 417.1794 64.5049 601.6805 28.3144 
9   1724.5519 439.7607 87.0862 641.2345 30.1757 
10   1584.3652 404.0131 51.3386 511.3213 24.0622 
11 69%:30%:01% 1609.8254 410.5055 57.8310 534.5991 25.1576 
12   1576.1789 401.9256 49.2511 494.9417 23.2914 
13   1604.8662 409.2409 56.5664 500.5798 23.5567 
14 68%:30%:02% 1598.3719 407.5848 54.9103 574.9284 27.0555 
15   1556.4079 396.8840 44.2095 526.1961 24.7622 
16   1602.4136 408.6155 55.9410 528.9608 24.8923 
17 67%:30%:03% 1565.2964 399.1506 46.4761 534.8442 25.1691 
18   1579.8308 402.8568 50.1823 530.0788 24.9449 
19   1558.5754 397.4367 44.7622 462.7312 21.7756 
20 64%:35%:01% 1591.6249 405.8644 53.1899 500.1826 23.5380 
21   1567.5335 399.7211 47.0466 475.9479 22.3975 
22   1546.2767 394.3006 41.6261 459.2631 21.6124 
23 63%:35%:02% 1570.6826 400.5241 47.8496 486.1088 22.8757 
24   1562.2877 398.3834 45.7089 465.1520 21.8895 
25   1581.4689 403.2746 50.6001 437.4479 20.5858 
26 62%:35%:03% 1524.3079 388.6985 36.0240 441.8958 20.7951 
27   1563.9163 398.7986 46.1241 446.7047 21.0214 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 5  
ID  
PG:Class C Fly 
ash:Portland 














1   1714.6391 437.2330 84.5585 737.5621 34.7088 
2 77%:20%:03% 1605.7015 409.4539 56.7794 743.5473 34.9905 
3   1635.3661 417.0183 64.3438 725.7319 34.1521 
4   1561.9391 398.2945 45.6200 563.3136 26.5089 
5 73%:25%:02% 1560.7821 397.9994 45.3249 555.1001 26.1224 
6   1578.5949 402.5417 49.8672 558.8797 26.3002 
7   1601.1096 408.2829 55.6084 628.3030 29.5672 
8 72%:25%:03% 1598.3157 407.5705 54.8960 656.5765 30.8977 
9   1590.5742 405.5964 52.9219 694.1564 32.6662 
10   1582.8547 403.6280 50.9535 562.2748 26.4600 
11 69%:30%:01% 1583.3826 403.7626 51.0881 585.6872 27.5618 
12   1592.3825 406.0575 53.3830 548.3247 25.8035 
13   1611.6267 410.9648 58.2903 558.8701 26.2998 
14 68%:30%:02% 1593.1190 406.2454 53.5709 628.4993 29.5764 
15   1565.2118 399.1290 46.4545 572.6506 26.9483 
16   1534.8059 391.3755 38.7010 567.6618 26.7135 
17 67%:30%:03% 1563.8057 398.7705 46.0960 580.9401 27.3384 
18   1596.4239 407.0881 54.4136 584.4923 27.5055 
19   1519.8898 387.5719 34.8974 497.6286 23.4178 
20 64%:35%:01% 1588.0586 404.9549 52.2804 552.4631 25.9983 
21   1574.5834 401.5188 48.8443 524.7921 24.6961 
22   1607.0638 409.8013 57.1268 516.3898 24.3007 
23 63%:35%:02% 1565.7716 399.2718 46.5973 532.7061 25.0685 
24   1613.6887 411.4906 58.8161 523.9681 24.6573 
25   1587.6907 404.8611 52.1866 489.6346 23.0416 
26 62%:35%:03% 1507.3395 384.3716 31.6971 473.5929 22.2867 
27   1561.2543 398.1198 45.4453 492.1500 23.1600 
 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  












Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 8  
ID  
PG:Class C Fly 
ash:Portland 














1   1750.5418 446.3882 93.7137 831.2758 39.1189 
2 77%:20%:03% 1710.9372 436.2890 83.6145 827.1618 38.9253 
3   1731.1177 441.4350 88.7605 814.4924 38.3291 
4   1631.5816 416.0533 63.3788 626.6925 29.4914 
5 73%:25%:02% 1713.1609 436.8560 84.1815 639.2816 30.0838 
6   1605.4735 409.3957 56.7212 615.6010 28.9695 
7   1687.5884 430.3350 77.6605 705.9635 33.2218 
8 72%:25%:03% 1730.3697 441.2443 88.5698 745.1463 35.0657 
9   1683.1743 429.2095 76.5350 770.6914 36.2678 
10   1650.3988 420.8517 68.1772 630.4520 29.6683 
11 69%:30%:01% 1609.1014 410.3209 57.6464 643.3336 30.2745 
12   1662.3228 423.8923 71.2178 619.5425 29.1549 
13   1659.7562 423.2378 70.5633 629.4334 29.6204 
14 68%:30%:02% 1638.9809 417.9401 65.2656 693.7649 32.6478 
15   1673.3024 426.6921 74.0176 646.6682 30.4314 
16   1679.2722 428.2144 75.5399 643.2017 30.2683 
17 67%:30%:03% 1654.4576 421.8867 69.2122 650.1523 30.5954 
18   1650.2729 420.8196 68.1451 652.6374 30.7123 
19   1645.9598 419.7197 67.0452 564.6738 26.5729 
20 64%:35%:01% 1681.2557 428.7202 76.0457 628.5088 29.5769 
21   1623.7292 414.0509 61.3764 586.1686 27.5844 
22   1700.2404 433.5613 80.8868 597.2766 28.1071 
23 63%:35%:02% 1625.3093 414.4539 61.7794 594.4855 27.9758 
24   1612.3895 411.1593 58.4848 582.4529 27.4095 
25   1648.2613 420.3066 67.6321 557.2667 26.2243 
26 62%:35%:03% 1621.7209 413.5388 60.8643 534.4572 25.1509 
27   1626.4659 414.7488 62.0743 554.2243 26.0811 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 11  
ID  
PG:Class C Fly 
ash:Portland 














1   1551.6181 395.6626 42.9881 874.2639 41.1418 
2 77%:20%:03% 1532.3179 390.7411 38.0666 865.2283 40.7166 
3   1536.6088 391.8352 39.1607 853.6531 40.1719 
4   1425.4728 363.4956 10.8211 637.5135 30.0006 
5 73%:25%:02% 1392.4516 355.0751 2.4006 641.6822 30.1968 
6   1374.3923 350.4700 -2.2045 613.3965 28.8657 
7   1510.5447 385.1889 32.5144 738.4779 34.7519 
8 72%:25%:03% 1488.0942 379.4640 26.7895 771.9358 36.3264 
9   1461.5494 372.6951 20.0206 790.7119 37.2100 
10   1386.5548 353.5715 0.8970 631.3489 29.7105 
11 69%:30%:01% 1386.9199 353.6646 0.9901 644.3236 30.3211 
12   1380.4789 352.0221 -0.6524 618.8901 29.1242 
13   1426.1389 363.6654 10.9909 640.4243 30.1376 
14 68%:30%:02% 1399.4559 356.8613 4.1868 697.9517 32.8448 
15   1426.2082 363.6831 11.0086 657.6768 30.9495 
16   1428.4811 364.2627 11.5882 654.7899 30.8136 
17 67%:30%:03% 1471.1456 375.1421 22.4676 672.6199 31.6527 
18   1403.6740 357.9369 5.2624 657.8998 30.9600 
19   1366.6493 348.4956 -4.1789 560.4949 26.3762 
20 64%:35%:01% 1439.5359 367.0817 14.4072 642.9160 30.2549 
21   1367.9228 348.8203 -3.8542 582.3144 27.4030 
22   1115.8639 284.5453 -68.1292 529.1474 24.9011 
23 63%:35%:02% 1406.4078 358.6340 5.9595 600.4449 28.2562 
24   1338.0020 341.1905 -11.4840 570.9689 26.8691 
25   1365.3230 348.1574 -4.5171 552.7496 26.0117 
26 62%:35%:03% 1336.9483 340.9218 -11.7527 522.7046 24.5979 
27   1358.8984 346.5191 -6.1554 548.0689 25.7915 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 14  
ID  
PG:Class C Fly 
ash:Portland 














1   1757.8578 448.2537 95.5792 969.8431 45.6397 
2 77%:20%:03% 1728.6960 440.8175 88.1430 953.3713 44.8645 
3   1728.2020 440.6915 88.0170 941.6701 44.3139 
4   1609.6736 410.4668 57.7923 695.3058 32.7203 
5 73%:25%:02% 1553.1500 396.0532 43.3787 685.0610 32.2382 
6   1644.1875 419.2678 66.5933 679.9898 31.9995 
7   1686.7640 430.1248 77.4503 815.9283 38.3966 
8 72%:25%:03% 1766.2849 450.4026 97.7281 869.6640 40.9254 
9   1707.3555 435.3756 82.7011 873.4131 41.1018 
10   1658.8062 422.9956 70.3211 701.6700 33.0198 
11 69%:30%:01% 1656.0339 422.2887 69.6142 713.9378 33.5971 
12   1673.0782 426.6349 73.9604 692.8506 32.6047 
13   1667.3802 425.1820 72.5075 712.9318 33.5497 
14 68%:30%:02% 1590.5485 405.5899 52.9154 750.8670 35.3349 
15   1683.8043 429.3701 76.6956 734.3724 34.5587 
16   1670.0520 425.8633 73.1888 727.9787 34.2578 
17 67%:30%:03% 1662.6195 423.9680 71.2935 743.9134 35.0077 
18   1665.7376 424.7631 72.0886 729.9884 34.3524 
19   1609.6756 410.4673 57.7928 618.2877 29.0959 
20 64%:35%:01% 1656.1133 422.3089 69.6344 712.5503 33.5318 
21   1622.3644 413.7029 61.0284 643.3428 30.2750 
22   1638.9013 417.9198 65.2453 594.3928 27.9714 
23 63%:35%:02% 1710.7006 436.2287 83.5542 683.9991 32.1882 
24   1634.3186 416.7512 64.0767 635.0457 29.8845 
25   1611.6355 410.9670 58.2925 611.0421 28.7549 
26 62%:35%:03% 1607.7659 409.9803 57.3058 580.0104 27.2946 
27   1595.2575 406.7907 54.1162 602.1851 28.3381 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 21  
ID  
PG:Class C Fly 
ash:Portland 














1   2288.0559 583.4543 230.7798 1200.6229 56.4999 
2 77%:20%:03% 2175.3246 554.7078 202.0333 1155.4046 54.3720 
3   2176.4163 554.9862 202.3117 1143.9818 53.8344 
4   1998.5536 509.6312 156.9567 852.2625 40.1065 
5 73%:25%:02% 2153.4305 549.1248 196.4503 881.5113 41.4829 
6   2056.8957 524.5084 171.8339 851.8237 40.0858 
7   2123.3014 541.4418 188.7673 1004.6956 47.2798 
8 72%:25%:03% 2129.4375 543.0066 190.3321 1059.9960 49.8822 
9   2111.9862 538.5565 185.8820 1059.2951 49.8492 
10   2057.2249 524.5923 171.9178 873.5878 41.1100 
11 69%:30%:01% 2058.0514 524.8031 172.1286 886.0664 41.6972 
12   2036.1286 519.2128 166.5383 859.3889 40.4418 
13   2057.9511 524.7775 172.1030 885.0348 41.6487 
14 68%:30%:02% 2023.5862 516.0145 163.3400 914.2070 43.0215 
15   2096.7483 534.6708 181.9963 916.3687 43.1232 
16   2063.7564 526.2579 173.5834 901.5620 42.4264 
17 67%:30%:03% 2079.6530 530.3115 177.6370 921.5504 43.3671 
18   2044.3732 521.3152 168.6407 898.6290 42.2884 
19   1946.1848 496.2771 143.6026 761.8903 35.8537 
20 64%:35%:01% 2053.1945 523.5646 170.8901 883.4404 41.5737 
21   2051.3289 523.0889 170.4144 813.7572 38.2945 
22   1979.8777 504.8688 152.1943 746.5871 35.1335 
23 63%:35%:02% 1906.2466 486.0929 133.4184 817.4175 38.4667 
24   1897.0848 483.7566 131.0821 766.1278 36.0531 
25   1953.1894 498.0633 145.3888 756.4309 35.5967 
26 62%:35%:03% 1989.9807 507.4451 154.7706 734.7809 34.5779 
27   1969.4819 502.2179 149.5434 751.7285 35.3755 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Calculation of Cumulative Sulfate Fluxes: 
 
   Initial Nine PG Compositions                                               Sulfate Leaching Study Data: Day 28  
ID  
PG:Class C Fly 
ash:Portland 














1   2072.3876 528.4588 175.7843 1376.4072 64.7721 
2 77%:20%:03% 2033.0185 518.4197 165.7452 1321.1498 62.1718 
3   2073.6973 528.7928 176.1183 1320.1001 62.1224 
4   1951.1044 497.5316 144.8571 997.1196 46.9233 
5 73%:25%:02% 1892.1672 482.5026 129.8281 1011.3394 47.5924 
6   1917.9545 489.0784 136.4039 988.2276 46.5048 
7   1959.3737 499.6403 146.9658 1151.6614 54.1958 
8 72%:25%:03% 2028.7241 517.3247 164.6502 1224.6462 57.6304 
9   1981.4407 505.2674 152.5929 1211.8879 57.0300 
10   1901.6149 484.9118 132.2373 1005.8251 47.3329 
11 69%:30%:01% 1870.6212 477.0084 124.3339 1010.4003 47.5482 
12   1852.1642 472.3019 119.6274 979.0162 46.0714 
13   1876.2740 478.4499 125.7754 1010.8102 47.5675 
14 68%:30%:02% 1900.2157 484.5550 131.8805 1046.0875 49.2276 
15   1907.0293 486.2925 133.6180 1049.9866 49.4111 
16   1935.3671 493.5186 140.8441 1042.4061 49.0544 
17 67%:30%:03% 1910.6758 487.2223 134.5478 1056.0982 49.6987 
18   1879.0955 479.1694 126.4949 1025.1239 48.2411 
19   1891.2025 482.2566 129.5821 891.4724 41.9516 
20 64%:35%:01% 1838.5050 468.8188 116.1443 999.5847 47.0393 
21   1865.4471 475.6890 123.0145 936.7717 44.0834 
22   1825.5310 465.5104 112.8359 859.4230 40.4434 
23 63%:35%:02% 1842.4482 469.8243 117.1498 934.5673 43.9796 
24   1873.6714 477.7862 125.1117 891.2395 41.9407 
25   1844.5212 470.3529 117.6784 874.1093 41.1346 
26 62%:35%:03% 1823.1015 464.8909 112.2164 846.9973 39.8587 
27   1848.6588 471.4080 118.7335 870.4620 40.9629 
 
Specimen Volume (cm3) = 8.5  
Surface Area (cm2)   = 21.25  













Comparison: Effective Calcium and Sulfate Diffusion Coefficients for the INITIAL 
NINE PG Composite Combinations Calculated using Theoretical Co values: 
 




(Co - C1) 
mg·cm-2 
K2(Co – C1)  
mg·cm-2·d-0.5 











77%:20%:03% 0 5.2628 0.0456 284.75 0.47 0.0185 0.000161 3.12E-13 
73%:25%:02% 0 4.2516 0.0000 269.96 0.42 0.0158 0.000000 2.26E-13 
72%:25%:03% 0 4.8877 0.0000 266.26 0.45 0.0184 0.000000 3.07E-13 
69%:30%:01% 0 3.8556 0.0413 255.16 0.42 0.0151 0.000162 2.08E-13 
68%:30%:02% 0 4.2859 0.0433 251.47 0.43 0.0171 0.000173 2.65E-13 
67%:30%:03% 0 4.3254 0.0590 247.77 0.44 0.0175 0.000238 2.78E-13 
64%:35%:01% 0 4.2064 0.0000 236.67 0.42 0.0178 0.000000 2.88E-13 
63%:35%:02% 0 3.8642 0.0455 232.98 0.42 0.0166 0.000196 2.51E-13 
62%:35%:03% -0.4059 3.8662 0.0493 229.28 0.42 0.0169 0.000215 2.59E-13 
         




(Co - C1) 
mg·cm-2 
K2 
(Co - C1)    
mg·cm-2·d-
0.5 











77%:20%:03% 2.43984 14.9137 -0.7328 682.52 1.82 0.02191 -0.001076 4.36E-13 
73%:25%:02% 3.09174 10.6480 -0.5205 647.06 1.71 0.01650 -0.000807 2.47E-13 
72%:25%:03% 2.65647 13.1675 -0.6454 638.20 1.77 0.02069 -0.001014 3.89E-13 
69%:30%:01% 2.41051 11.1484 -0.5826 611.61 1.71 0.01828 -0.000955 3.04E-13 
68%:30%:02% 2.80752 11.5571 -0.6143 602.74 1.72 0.01923 -0.001022 3.36E-13 
67%:30%:03% 3.07991 11.1668 -0.5387 593.88 1.72 0.01886 -0.000910 3.23E-13 
64%:35%:01% 2.69879 10.1456 -0.4945 567.29 1.69 0.01794 -0.000874 2.93E-13 
63%:35%:02% 2.48468 10.3239 -0.6060 558.42 1.68 0.01854 -0.001089 3.13E-13 
62%:35%:03% 2.91682 8.9952 -0.4129 549.56 1.67 0.01642 -0.000754 2.45E-13 
     








77%:20%:03% 4.36E-13 3.12E-13 1.4 
73%:25%:03% 2.47E-13 2.26E-13 1.1 
72%:25%:03% 3.89E-13 3.07E-13 1.3 
69%:30%:01% 3.04E-13 2.08E-13 1.5 
68%:30%:02% 3.36E-13 2.65E-13 1.3 
67%:30%:03% 3.23E-13 2.78E-13 1.2 
64%:35%:01% 2.93E-13 2.88E-13 1.0 
63%:35%:02% 3.13E-13 2.51E-13 1.2 
62%:35%:03% 2.45E-13 2.59E-13 0.9 
Average 3.2E-13 2.7E-13 1.2 
Calcium Diffusion Coefficient in saltwater = 7..5E-10 m2/sec 
Sulfate Diffusion Coefficient in saltwater = 9.8 E-10 m2/sec After Li and Gregory, (1974) 


















Appendix C: 77-day Dynamic Leaching Study Results  
 
(Best Four PG Composite Combinations) 
- pH and Alkalinity Data 
- Cumulative Fluxes Calculation for Calcium Release 
- Cumulative Fluxes Calculation for Sulfate Release 



























pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 0.08]       
          
 Sample Date:10/28/2002     Analysts:Pradyot / Amy  







Final Vol. (ml) Alkalinity     (mg/L CaCO3)





PG:Class C Fly 
ash:Portland 
type II cement  





1A 7.35 50 5.5 10.7 104 
1B 7.69 50 10.7 16.3 112 







50 22.1 27.7 112 
111.00
2A 7.73 50 27.7 33.5 116 







50 39.4 44.2 96 
110.00
3A 7.84 50 0.0 5.8 116 







50 11.6 16.8 104 
112.00
  Check Std.2 9.48   50 16.8 22.5 114  
4A 7.65 50 22.5 28.4 118 







50 34.2 40.1 118 
118.00
5A1 7.80 50 40.1 45.9 116 
5A2 7.84 50 0.0 5.3 106 







50 11.3 17.2 118 
116.00
6A 7.74 50 17.2 23.0 116 







50 28.9 34.5 112 
115.33
  Check Std.3 9.42   50 34.5 40.2 114  
7A 7.78 50 40.2 46.4 124 











Blk. 7.72   50 11.7 17.0 106  
  Check Std.4 9.46   50 17.0 23.0 120  









pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 0.29]        
          
Sample Date:10/28/2002    Analyst:Pradyot / Amy 









Alkalinity    
(mg/L 
CaCO3) 





PG:Class C Fly 
ash:Portland type 
II cement   





1A 7.74 50 6.2 11.9 114 
1B 7.76 50 11.9 17.6 114 







50 23.4 29.0 112 
114.00 
2A 7.79 50 29.0 34.5 110 







50 40.1 45.8 114 
112.00 
3A 7.78 50 0.0 5.6 112 







50 11.3 17.3 120 
115.33 
  Check Std.2 9.66   50 17.3 23.5 124  
4A 7.75 50 23.5 29.4 118 







50 34.4 40.2 116 
111.33 
5A 7.80 50 40.2 46.2 120 
5B 7.82 50 0.0 5.9 118 
5C 7.80
7.81





6A 7.76 50 11.1 17.4 126 
6B 7.75 50 17.4 23.2 116 







50 29.3 34.4 102 
116.50 
  Check Std.3 9.43   50 34.4 40.1 114  
7A 7.81 50 40.1 46.1 120 







50 5.9 11.4 110 
116.00 













pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 1]        
          
Sample Date:10/29/2002     Analyst:Pradyot / Amy  









Alkalinity     
(mg/L CaCO3)





PG:Class C Fly 
ash:Portland 
type II cement   





1A 7.66 50 6.2 11.8 112 
1B 7.65 50 11.8 17.4 112 







50 23.0 28.6 112 
112.00 
2A 7.68 50 28.6 34.1 110 







50 39.6 44.9 106 
108.67 
3A 7.65 50 0.0 5.4 108 







50 11.1 16.2 102 
108.00 
  Check Std.2 9.53   50 16.2 22.0 116  
4A 7.66 50 22.1 27.9 116 







50 33.8 39.7 118 
117.33 
5A1 7.85 50 39.7 45.2 110 
5A2 7.83 50 0.0 6.1 122 







50 12.3 18.0 114 
117.50 
6A 7.84 50 18.0 24.5 130 







50 30.9 36.9 120 
126.00 
  Check Std.3 9.42   50 36.9 42.9 120  
7A 7.78 50 0.0 6.0 120 







50 12.1 18.1 120 
120.67 













pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 2]        
          
Sample Date:10/30/2002    Analyst:Pradyot / Amy 








Alkalinity   
(mg/L 
CaCO3) 





PG:Class C Fly 
ash:Portland 
type II cement   





1A 6.58 50 6.0 10.1 82 







50 15.5 21.0 110 
100.00
2A 7.71 50 21.0 26.4 108 
2B 7.67 50 26.4 31.5 102 







50 36.9 42.8 118 
109.00
3A 7.67 50 0.0 5.5 110 







50 10.8 16.2 108 
108.00
  Check Std.2 9.62   50 16.2 22.0 116  
4A 7.64 50 22.0 27.6 112 







50 33.4 38.9 110 
112.67
5A 7.86 50 38.9 44.4 110 







50 6.3 12.5 124 
120.00
6A 7.77 50 12.5 18.7 124 







50 25.0 31.3 126 
125.33
7A1 7.86 50 31.3 37.2 118 
7A2 7.85 50 37.2 43.0 116 







50 5.9 11.1 104 
114.00
  Check Std.3 9.68   50 11.1 16.6 110  
  Saltwater Blk 7.54   50 16.6 22.0 108  












pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 2]        
          
Sample Date:10/31/2002     Analyst:Pradyot / Amy 









Alkalinity    
(mg/L 
CaCO3) 





PG:Class C Fly 
ash:Portland 
type II cement   





1A 8.26 50 6.4 12.3 118 







50 18.0 23.8 116 
116.00 
2A1 8.33 50 23.8 29.7 118 
2A2 8.30 50 29.7 35.4 114 







50 0.0 5.8 116 
116.00 
3A 8.28 50 5.8 11.4 112 







50 17.2 23.1 118 
115.33 
  Check Std.2 10.38   50 23.1 29.3 124  
4A 8.30 50 29.3 35.4 122 







50 41.5 47.6 122 
122.00 
5A 8.60 50 0.0 6.5 130 
5B 8.60 50 6.5 13.2 134 







50 19.6 26.1 130 
130.50 
6A 8.49 50 26.1 32.6 130 







50 39.0 45.5 130 
129.33 
   Check Std.3 10.38   50 0.0 6.3 126  
7A 8.52 50 6.3 12.7 128 







50 18.4 24.5 122 
121.33 













pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 4]        
          
Sample Date:11/1/2002     Analyst:Pradyot / Amy 

















PG:Class C Fly 
ash:Portland 
type II cement   





1A 8.31 50 6.4 12.2 116 







50 18.0 23.6 112 
114.67 
2A 8.40 50 23.6 29.6 120 
2B1 8.38 50 29.6 35.5 118 







50 0.0 5.9 118 
118.00 
3A 8.43 50 5.9 11.8 118 







50 17.7 23.7 120 
118.67 
  Check Std.2 10.31   50 23.7 30.0 126  
4A 8.36 50 30.0 36.1 122 







50 0.0 5.9 118 
118.67 
5A 8.61 50 5.9 12.2 126 
5B1 8.66 50 12.2 18.8 132 







50 25.1 31.4 126 
127.50 
6A 8.38 50 31.4 36.8 108 







50 0.0 6.7 134 
120.67 
   Check Std.3 10.37   50 6.7 12.8 122  
7A 8.61 50 12.8 19.2 128 







50 25.4 31.8 128 
126.67 













pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 5]        
          
Sample Date:11/2/2002     Analyst:Pradyot / Amy 








Alkalinity   
(mg/L 
CaCO3) 





PG:Class C Fly 
ash:Portland 
type II cement   





1A 8.38 50 6.2 11.8 112 







50 17.4 23.3 118 
114.00
2A 8.45 50 23.3 28.6 106 
2B 8.44 50 28.6 34.4 116 







50 0.0 5.9 118 
113.50
3A 8.46 50 5.9 12.0 122 







50 17.9 24.0 122 
120.67
  Check Std.2 10.30   50 24.0 30.2 124  
4A 8.45 50 30.2 36.3 122 







50 0.0 6.1 122 
122.67
5A 8.64 50 6.1 12.4 126 
5B1 8.68 50 12.4 18.5 122 







50 24.6 30.9 126 
124.00
6A 8.59 50 30.9 36.9 120 







50 0.0 6.5 130 
124.67
   Check Std.3 10.50   50 6.5 12.6 122  
7A 8.65 50 12.6 19.0 128 











Blk 8.25   50 31.8 37.6 116  











pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 8]        
          
Sample Date:11/5/2002     Analyst:Pradyot / Amy 
















PG:Class C Fly 
ash:Portland type 
II cement   





1A 8.14 50 6.6 12.2 112 







50 17.7 23.6 118 
113.33
2A 8.15 50 23.6 29.1 110 
2B 8.05 50 29.1 34.4 106 







50 39.9 45.5 112 
109.50
3A 8.16 50 0.0 5.2 104 







50 10.8 16.5 114 
110.00
  Check Std.2 10.23   50 16.5 23.0 130  
4A 8.17 50 23.0 28.8 116 







50 34.4 39.9 110 
112.67
5A 8.48 50 39.9 45.4 110 
5B1 8.46 50 0.0 6.0 120 







50 12.4 18.6 124 
120.50
6A 8.50 50 18.6 25.9 146 







50 32.0 38.6 132 
133.33
7A 8.54 50 38.6 44.4 116 







50 11.1 16.9 116 
119.33














pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 11]        
          
Sample Date:11/8/2002     Analyst:Pradyot / Amy 
















PG:Class C Fly 
ash:Portland 
type II cement   





1A 8.08 50 6.2 11.7 110 
1B 8.17 50 11.7 17.1 108 







50 22.6 28.3 114 
110.50
2A 8.27 50 28.3 33.3 100 







50 38.2 43.8 112 
103.33
3A 8.23 50 0.0 5.5 110 







50 11.1 16.5 108 
110.00
  Check Std.2 10.15   50 16.5 23.2 134  
4A 8.20 50 23.2 28.4 104 







50 34.2 39.2 100 
106.67
5A 8.47 50 39.2 45.3 122 
5B 8.50 50 0.0 5.8 116 







50 12.0 18.0 120 
120.50
6A 8.43 50 18.0 24.4 128 







50 30.8 37.3 130 
128.67
   Check Std.3 10.18   50 37.3 43.0 114  
7A 8.47 50 22.0 28.1 122 







50 34.2 40.3 122 
122.00
  Saltwater Blk 7.85   50 40.3 45.6 106  












pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 14]        
          
Sample Date: 11/11/2002     Analyst:Pradyot / Amy 
















PG:Class C Fly 
ash:Portland 
type II cement   





1A 8.24 50 6.0 11.2 104 
1B 8.26 50 11.2 16.4 104 







50 21.6 26.9 106 
104.50
2A 8.30 50 26.9 32.1 104 







50 37.3 42.4 102 
103.33
3A 8.27 50 0.0 5.3 106 







50 10.5 15.8 106 
105.33
  Check Std.2 10.39   50 15.8 22.0 124  
4A 8.26 50 22.0 27.4 108 
4B 8.28 50 27.4 32.4 100 







50 37.6 42.8 104 
104.00
5A 8.53 50 0.0 5.2 104 







50 10.5 16.0 110 
106.67
6A 8.49 50 16.0 21.9 118 







50 27.7 33.7 120 
118.00
   Check Std.3 10.20   50 33.7 39.5 116  
7A 8.52 50 39.5 44.9 108 







50 5.9 11.6 114 
113.33
  Saltwater Blk 7.92   50 11.6 16.7 102  












pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 21]        
          
Sample Date:11/18/2002     Analyst:Pradyot / Amy 
















PG:Class C Fly 
ash:Portland 
type II cement   





1A 8.29 50.0 6.2 11.1 98 







50.0 15.9 20.8 98 
97.33 
2A1 8.30 50.0 20.8 25.6 96 
2A2 8.30 50.0 25.6 30.7 102 







50.0 35.2 39.9 94 
95.50 
3A 8.28 50.0 39.9 44.3 88 







50.0 5.1 10.4 106 
98.67 
  Check Std.2 10.20   50.0 10.4 16.5 122  
4A 8.31 50.0 16.5 21.7 104 







50.0 26.5 31.7 104 
101.33
5A1 8.68 50.0 31.7 37.3 112 
5A2 8.67 50.0 37.3 43 114 







50.0 0.0 5.7 114 
113.50
6A 8.59 50.0 5.7 12 126 







50.0 17.8 23.4 112 
118.00
7A 8.62 50.0 23.4 29.2 116 







50.0 35.2 40.9 114 
116.67
  Saltwater Blk 7.88   50.0 40.9 46.1 104  














pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 28]        
          
Sample Date:11/25/2002     Analyst:Pradyot / Amy 
















PG:Class C Fly 
ash:Portland 
type II cement   





1A 8.31 50 6.0 11.1 102 







50 16.1 21.1 100 
100.67
2A 8.37 50 21.1 25.8 94 







50 30.7 35.6 98 
96.67 
3A1 8.32 50 35.6 40.6 100 
3A2 8.33 50 40.6 45.3 94 







50 5.0 10.0 100 
98.50 
  Check Std.2 10.17   50 10.0 16.3 126  
4A 8.35 50 16.3 21.5 104 







50 26.7 31.8 102 
103.33
5A 8.61 50 31.8 37.4 112 
5B1 8.66 50 37.4 43.1 114 







50 5.7 11.2 110 
112.50
6A 8.60 50 11.2 17.4 124 







50 23.1 29.2 122 
120.00
   Check Std.3 10.39   50 29.2 35.5 126  
7A 8.66 50 35.5 41.2 114 











Blk 7.93   50 5.7 10.8 102  








pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 42]        
          
Sample Date:12/9/2002     Analyst: Pradyot / Amy 















PG:Class C Fly 
ash:Portland 
type II cement   





1A 8.19 50 6.1 10.9 96 







50 16.2 23.0 136 
112.67
2A 8.15 50 23.0 27.9 98 
2B1 8.20 50 27.9 33.9 120 







50 41.2 46.1 98 
115.50
3A 8.25 50 0.0 5.8 116 







50 12.0 17.3 106 
115.33
  Check Std. 2 10.30   50 17.3 23.9 132  
4A 8.21 50 23.9 30.1 124 







50 36.8 41.2 88 
115.33
5A1 8.53 50 41.2 47.0 116 
5A2 8.47 50 0.0 6.1 122 







50 12.3 17.4 102 
116.00
6A 8.45 50 17.4 24.1 134 







50 30.1 36.0 118 
124.00
   Check Std. 3 10.31   50 36.0 43.2 144  
7A 8.60 50 0.0 6.5 130 











Blk 7.98 50 18.8 24.9 122  
  Blank 2 5.30   50 24.9 25.0 2  
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pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 56]        
          
Sample Date:12/23/2002     Analyst:Pradyot / Will 















PG:Class C Fly 
ash:Portland 
type II cement   





1A 8.43 50 6.2 10.9 94 







50 15.6 20.1 90 
92.67 
2A 8.38 50 20.1 24.5 88 
2B1 8.46 50 24.5 29.1 92 







50 33.6 38.1 90 
90.00 
3A 8.35 50 38.1 42.9 96 







50 4.3 9.0 94 
92.00 
  Check Std. 2 10.34   50 9.0 15.0 120  
4A 8.32 50 15.0 19.9 98 







50 24.8 29.7 98 
98.00 
5A 8.55 50 29.7 35.1 107.4 
5B1 8.59 50 35.1 40.6 110 







50 0.0 5.5 110 
108.85
6A 8.52 50 5.5 11.3 116 







50 17.2 23.3 122 
118.67
   Check Std. 3 10.29   50 23.3 29.4 122  
7A 8.71 50 29.4 35.2 116 







50 41.1 47.0 118 
117.33
  Saltwater Blk 7.81 50 0.0 4.8 96  
  Blank 2 5.00   50 4.8 4.9 2  
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pH and Alkalinity Analyses on the BEST FOUR PG Composite Briquette Compositions 
Dynamic leaching Study [Day : 77]        
          
Sample Date:1/13/2003     Analyst:Pradyot / Will 








Alkalinity   
(mg/L 
CaCO3) 





PG:Class C Fly 
ash:Portland 
type II cement   





1A 8.26 50 5.9 10.5 92 







50 15.2 20.0 96 
94.00 
2A 8.35 50 20.0 25.2 104 
2B1 8.34 50 25.2 29.7 90 







50 34.4 38.8 88 
94.00 
3A 8.33 50 38.8 43.4 92 







50 0.0 4.1 82 
89.33 
  Check Std. 2 10.28   50 4.1 10.4 126  
4A 8.45 50 10.4 15.1 94 







50 20.2 25.2 100 
98.67 
5A1 8.54 50 25.2 30.4 104 
5A2 8.56 50 30.4 35.6 104 







50 41.0 46.2 104 
105.00
6A 8.56 50 0.0 6.1 122 







50 12.0 17.5 110 
116.67
   Check Std. 3 8.62   50 17.5 22.3 96  
7A 8.60 50 22.3 27.8 110 











Blk 10.39 50 38.6 44.9 126  
























































Calculation of Cumulative Calcium Fluxes: 
 
   Best Four PG Compositions                                  Calcium Leaching Study Data: Day 0.08  
ID 
PG:Class C Fly 
ash:Portland 















1A  411.0068 94.5316 45.6401 45.6401 1.5875 
1B 73%:25%:02% 396.7167 91.2448 42.3534 42.3534 1.4732 
1C   389.5729 89.6018 40.7103 40.7103 1.4160 
2A  410.2237 94.3515 45.4600 45.4600 1.5812 
2B 67%:30%:03% 410.2938 94.3676 45.4762 45.4762 1.5818 
2C  410.0609 94.3140 45.4226 45.4226 1.5799 
3A   412.6759 94.9155 46.0240 46.0240 1.6008 
3B 62%:35%:03% 403.0699 92.7061 43.8147 43.8147 1.5240 
3C   392.7213 90.3259 41.4345 41.4345 1.4412 
4A  427.5584 98.3384 49.4470 49.4470 1.7199 
4B 63%:35%:02% 429.0124 98.6729 49.7814 49.7814 1.7315 
4C  420.4231 96.6973 47.8059 47.8059 1.6628 
5A   468.3463 107.7196 58.8282 58.8282 2.0462 
5B 63%:35%:02% 498.1588 114.5765 65.6851 65.6851 2.2847 
5C   472.5789 108.6931 59.8017 59.8017 2.0801 
6A  448.0057 103.0413 54.1499 54.1499 1.8835 
6B 63%:35%:02% 440.0483 101.2111 52.3197 52.3197 1.8198 
6C   457.5444 105.2352 56.3438 56.3438 1.9598 
7A  472.2261 108.6120 59.7206 59.7206 2.0772 
7B 63%:35%:02% 489.275 112.5333 63.6418 63.6418 2.2136 
7C   488.8659 112.4392 63.5477 63.5477 2.2104 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Calcium Fluxes: 
 
   Best Four PG Compositions                                  Calcium Leaching Study Data: Day 0.29  
ID 
PG:Class C Fly 
ash:Portland 















1A  404.6422 93.0677 44.1763 89.8164 3.1240 
1B 73%:25%:02% 436.5521 100.4070 51.5156 93.8690 3.2650 
1C   429.2417 98.7256 49.8342 90.5445 3.1494 
2A  391.7192 90.0954 41.2040 86.6640 3.0144 
2B 67%:30%:03% 430.8872 99.1041 50.2126 95.6888 3.3283 
2C  428.3028 98.5096 49.6182 95.0408 3.3058 
3A   398.111 91.5655 42.6741 88.6981 3.0852 
3B 62%:35%:03% 417.5278 96.0314 47.1400 90.9546 3.1636 
3C   415.3558 95.5318 46.6404 88.0749 3.0635 
4A  416.4544 95.7845 46.8931 96.3401 3.3510 
4B 63%:35%:02% 421.5689 96.9608 48.0694 97.8509 3.4035 
4C  440.6658 101.3531 52.4617 100.2676 3.4876 
5A   477.1127 109.7359 60.8445 119.6727 4.1625 
5B 63%:35%:02% 514.1001 118.2430 69.3516 135.0367 4.6969 
5C   511.1911 117.5740 68.6825 128.4843 4.4690 
6A  457.6283 105.2545 56.3631 110.5130 3.8439 
6B 63%:35%:02% 469.6266 108.0141 59.1227 111.4424 3.8763 
6C   484.7704 111.4972 62.6058 118.9496 4.1374 
7A  484.6528 111.4701 62.5787 122.2993 4.2539 
7B 63%:35%:02% 486.7333 111.9487 63.0572 126.6991 4.4069 
7C   491.1676 112.9685 64.0771 127.6249 4.4391 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Calcium Fluxes: 
 




















1A  452.6159 104.1017 55.2102 145.0267 5.0444 
1B 73%:25%:02% 428.0397 98.4491 49.5577 143.4267 4.9888 
1C   472.2406 108.6153 59.7239 150.2684 5.2267 
2A  454.7667 104.5963 55.7049 142.3689 4.9520 
2B 67%:30%:03% 471.9512 108.5488 59.6574 155.3461 5.4033 
2C  432.5419 99.4846 50.5932 145.6340 5.0655 
3A   436.5206 100.3997 51.5083 140.2065 4.8767 
3B 62%:35%:03% 481.3244 110.7046 61.8132 152.7678 5.3137 
3C   459.7187 105.7353 56.8439 144.9188 5.0407 
4A  450.9206 103.7117 54.8203 151.1604 5.2578 
4B 63%:35%:02% 493.2101 113.4383 64.5469 162.3978 5.6486 
4C  488.7269 112.4072 63.5158 163.7834 5.6968 
5A   600.9583 138.2204 89.3290 209.0017 7.2696 
5B 63%:35%:02% 609.6776 140.2258 91.3344 226.3711 7.8738 
5C   617.597 142.0473 93.1559 221.6401 7.7092 
6A  585.0402 134.5592 85.6678 196.1808 6.8237 
6B 63%:35%:02% 606.2703 139.4422 90.5507 201.9931 7.0258 
6C   592.5836 136.2942 87.4028 206.3524 7.1775 
7A  578.166 132.9782 84.0868 206.3861 7.1786 
7B 63%:35%:02% 622.1672 143.0985 94.2070 220.9061 7.6837 
7C   606.3826 139.4680 90.5766 218.2014 7.5896 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Calcium Fluxes: 
 




















1A  477.1064 109.7345 60.8431 205.8697 7.1607 
1B 73%:25%:02% 507.3331 116.6866 67.7952 211.2219 7.3468 
1C   465.7864 107.1309 58.2395 208.5079 7.2524 
2A  493.1834 113.4322 64.5408 206.9097 7.1969 
2B 67%:30%:03% 486.5054 111.8962 63.0048 218.3510 7.5948 
2C  409.713 94.2340 45.3426 190.9766 6.6427 
3A   452.887 104.1640 55.2726 195.4790 6.7993 
3B 62%:35%:03% 451.5275 103.8513 54.9599 207.7277 7.2253 
3C   435.5107 100.1675 51.2760 196.1948 6.8242 
4A  489.4791 112.5802 63.6888 214.8492 7.4730 
4B 63%:35%:02% 494.9901 113.8477 64.9563 227.3541 7.9080 
4C  459.383 105.6581 56.7667 220.5500 7.6713 
5A   612.7529 140.9332 92.0417 301.0435 10.4711 
5B 63%:35%:02% 697.3291 160.3857 111.4943 337.8654 11.7518 
5C   709.8442 163.2642 114.3727 336.0129 11.6874 
6A  572.9020 131.7675 82.8760 279.0568 9.7063 
6B 63%:35%:02% 614.7328 141.3885 92.4971 294.4903 10.2431 
6C   600.8865 138.2039 89.3125 295.6648 10.2840 
7A  609.9011 140.2773 91.3858 297.7719 10.3573 
7B 63%:35%:02% 664.6550 152.8707 103.9792 324.8853 11.3004 
7C   673.7774 154.9688 106.0774 324.2788 11.2793 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Calcium Fluxes: 
 
   Best Four PG Compositions                                  Calcium Leaching Study Data: Day 3 
ID 
PG:Class C Fly 
ash:Portland 















1A  429.6344 98.8159 49.9245 255.7942 8.8972 
1B 73%:25%:02% 438.718 100.9051 52.0137 263.2356 9.1560 
1C   387.3683 89.0947 40.2033 248.7112 8.6508 
2A  418.3072 96.2107 47.3192 254.2289 8.8427 
2B 67%:30%:03% 440.7797 101.3793 52.4879 270.8389 9.4205 
2C  409.2181 94.1202 45.2287 236.2053 8.2158 
3A   411.9028 94.7376 45.8462 241.3253 8.3939 
3B 62%:35%:03% 424.3603 97.6029 48.7114 256.4392 8.9196 
3C   410.6648 94.4529 45.5615 241.7563 8.4089 
4A  454.9704 104.6432 55.7518 270.6010 9.4122 
4B 63%:35%:02% 468.4906 107.7528 58.8614 286.2155 9.9553 
4C  515.1094 118.4752 69.5837 290.1338 10.0916 
5A   557.0114 128.1126 79.2212 380.2647 13.2266 
5B 63%:35%:02% 662.1493 152.2943 103.4029 441.2683 15.3485 
5C   621.4368 142.9305 94.0390 430.0519 14.9583 
6A  493.1862 113.4328 64.5414 343.5982 11.9512 
6B 63%:35%:02% 498.2521 114.5980 65.7066 360.1968 12.5286 
6C   515.2357 118.5042 69.6128 365.2776 12.7053 
7A  645.5457 148.4755 99.5841 397.3560 13.8211 
7B 63%:35%:02% 627.1951 144.2549 95.3635 420.2488 14.6173 
7C   634.5027 145.9356 97.0442 421.3230 14.6547 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Calcium Fluxes: 
 
   Best Four PG Compositions                                  Calcium Leaching Study Data: Day 4  
ID 
PG:Class C Fly 
ash:Portland 















1A  425.1111 97.7756 48.8841 304.6783 10.5975 
1B 73%:25%:02% 436.5952 100.4169 51.5255 314.7611 10.9482 
1C   433.8171 99.7779 50.8865 299.5977 10.4208 
2A  411.0001 94.5300 45.6386 299.8675 10.4302 
2B 67%:30%:03% 427.5674 98.3405 49.4491 320.2879 11.1405 
2C  466.2054 107.2272 58.3358 294.5412 10.2449 
3A   404.49 93.0327 44.1413 285.4665 9.9293 
3B 62%:35%:03% 419.1641 96.4077 47.5163 303.9555 10.5724 
3C   405.5959 93.2871 44.3956 286.1519 9.9531 
4A  453.7981 104.3736 55.4821 326.0831 11.3420 
4B 63%:35%:02% 423.5474 97.4159 48.5245 334.7400 11.6431 
4C  434.5842 99.9544 51.0629 341.1967 11.8677 
5A   504.7776 116.0988 67.2074 447.4721 15.5642 
5B 63%:35%:02% 604.1554 138.9557 90.0643 531.3326 18.4811 
5C   596.456 137.1849 88.2935 518.3454 18.0294 
6A  451.8366 103.9224 55.0310 398.6292 13.8654 
6B 63%:35%:02% 519.6562 119.5209 70.6295 430.8263 14.9853 
6C   560.2984 128.8686 79.9772 445.2548 15.4871 
7A  500.9772 115.2248 66.3333 463.6893 16.1283 
7B 63%:35%:02% 609.2321 140.1234 91.2320 511.4807 17.7906 
7C   590.6589 135.8515 86.9601 508.2831 17.6794 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Calcium Fluxes: 
 
   Best Four PG Compositions                                  Calcium Leaching Study Data: Day 5  
ID 
PG:Class C Fly 
ash:Portland 













1A  441.3430 101.5089 52.6175 357.2958 12.4277 
1B 73%:25%:02% 501.1897 115.2736 66.3822 381.1433 13.2572 
1C   448.8205 103.2287 54.3373 353.9350 12.3108 
2A  364.5191 83.8394 34.9480 334.8155 11.6458 
2B 67%:30%:03% 416.4969 95.7943 46.9029 367.1908 12.7719 
2C  478.7717 110.1175 61.2261 355.7672 12.3745 
3A   405.6532 93.3002 44.4088 329.8754 11.4739 
3B 62%:35%:03% 412.0038 94.7609 45.8695 349.8249 12.1678 
3C   380.4500 87.5035 38.6121 324.7640 11.2961 
4A  433.6335 99.7357 50.8443 376.9274 13.1105 
4B 63%:35%:02% 469.7343 108.0389 59.1475 393.8874 13.7004 
4C  470.4326 108.1995 59.3081 400.5048 13.9306 
5A   479.8499 110.3655 61.4741 508.9461 17.7025 
5B 63%:35%:02% 531.4227 122.2272 73.3358 604.6684 21.0319 
5C   517.4730 119.0188 70.1274 588.4728 20.4686 
6A  430.7744 99.0781 50.1867 448.8159 15.6110 
6B 63%:35%:02% 494.5044 113.7360 64.8446 495.6709 17.2407 
6C   510.2919 117.3671 68.4757 513.7306 17.8689 
7A  484.8252 111.5098 62.6184 526.3077 18.3064 
7B 63%:35%:02% 492.5790 113.2932 64.4017 575.8825 20.0307 
7C   559.0776 128.5878 79.6964 587.9796 20.4515 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Calcium Fluxes: 
 
   Best Four PG Compositions                                  Calcium Leaching Study Data: Day 8  
ID 
PG:Class C Fly 
ash:Portland type II 















1A  495.1761 113.8905 64.9991 422.2949 14.6885 
1B 73%:25%:02% 570.5216 131.2200 82.3285 463.4718 16.1208 
1C   512.7011 117.9213 69.0298 422.9648 14.7118 
2A  459.2027 105.6166 56.7252 391.5407 13.6188 
2B 67%:30%:03% 541.878 124.6319 75.7405 442.9313 15.4063 
2C  529.784 121.8503 72.9589 428.7261 14.9122 
3A   458.7314 105.5082 56.6168 386.4922 13.4432 
3B 62%:35%:03% 525.9943 120.9787 72.0873 421.9122 14.6752 
3C   497.9717 114.5335 65.6421 390.4061 13.5793 
4A  497.504 114.4259 65.5345 442.4619 15.3900 
4B 63%:35%:02% 574.8534 132.2163 83.3249 477.2123 16.5987 
4C  591.9920 136.1582 87.2667 487.7715 16.9660 
5A   705.2765 162.2136 113.3222 622.2683 21.6441 
5B 63%:35%:02% 705.3901 162.2397 113.3483 718.0167 24.9745 
5C   689.2563 158.5289 109.6375 698.1103 24.2821 
6A  643.7511 148.0628 99.1713 547.9873 19.0604 
6B 63%:35%:02% 636.2550 146.3387 97.4472 593.1181 20.6302 
6C   661.2803 152.0945 103.2030 616.9336 21.4586 
7A  659.6716 151.7245 102.8330 629.1407 21.8832 
7B 63%:35%:02% 673.9383 155.0058 106.1144 681.9969 23.7216 
7C   685.6456 157.6985 108.8071 696.7866 24.2361 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Calcium Fluxes: 
 




















1A  545.2806 125.4145 76.5231 498.8180 17.3502 
1B 73%:25%:02% 503.0478 115.7010 66.8096 530.2814 18.4446 
1C   516.1986 118.7257 69.8343 492.7991 17.1408 
2A  534.585 122.9546 74.0631 465.6038 16.1949 
2B 67%:30%:03% 520.4502 119.7035 70.8121 513.7435 17.8693 
2C  488.6055 112.3793 63.4878 492.2140 17.1205 
3A   513.406 118.0834 69.1920 455.6841 15.8499 
3B 62%:35%:03% 571.5953 131.4669 82.5755 504.4877 17.5474 
3C   526.6798 121.1364 72.2449 462.6510 16.0922 
4A  550.9502 126.7185 77.8271 520.2890 18.0970 
4B 63%:35%:02% 582.2499 133.9175 85.0261 562.2383 19.5561 
4C  511.9285 117.7436 68.8521 556.6237 19.3608 
5A   643.9615 148.1111 99.2197 721.4880 25.0952 
5B 63%:35%:02% 630.4781 145.0100 96.1185 814.1353 28.3177 
5C   655.0531 150.6622 101.7708 799.8811 27.8220 
6A  587.0060 135.0114 86.1200 634.1072 22.0559 
6B 63%:35%:02% 614.9441 141.4371 92.5457 685.6639 23.8492 
6C   625.9006 143.9571 95.0657 711.9993 24.7652 
7A  621.2161 142.8797 93.9883 723.1290 25.1523 
7B 63%:35%:02% 683.7768 157.2687 108.3772 790.3741 27.4913 
7C   662.7049 152.4221 103.5307 800.3173 27.8371 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Calcium Fluxes: 
 




















1A  511.5265 117.6511 68.7597 567.5777 19.7418 
1B 73%:25%:02% 544.9562 125.3399 76.4485 606.7299 21.1036 
1C   522.3857 120.1487 71.2573 564.0563 19.6194 
2A  485.3433 111.6290 62.7375 528.3414 18.3771 
2B 67%:30%:03% 521.0495 119.8414 70.9500 584.6934 20.3372 
2C  517.332 118.9864 70.0949 562.3089 19.5586 
3A   464.0239 106.7255 57.8341 513.5182 17.8615 
3B 62%:35%:03% 485.5869 111.6850 62.7936 567.2813 19.7315 
3C   511.8173 117.7180 68.8266 531.4776 18.4862 
4A  519.0863 119.3898 70.4984 590.7874 20.5491 
4B 63%:35%:02% 551.0624 126.7444 77.8529 640.0913 22.2640 
4C  542.6643 124.8128 75.9214 632.5450 22.0016 
5A   567.6290 130.5547 81.6632 803.1513 27.9357 
5B 63%:35%:02% 625.6505 143.8996 95.0082 909.1435 31.6224 
5C   613.6350 141.1361 92.2446 892.1257 31.0305 
6A  533.9139 122.8002 73.9088 708.0160 24.6266 
6B 63%:35%:02% 558.7992 128.5238 79.6324 765.2963 26.6190 
6C   573.2024 131.8366 82.9451 794.9444 27.6502 
7A  559.2742 128.6331 79.7416 802.8707 27.9259 
7B 63%:35%:02% 635.3303 146.1260 97.2345 887.6087 30.8733 
7C   625.4609 143.8560 94.9646 895.2819 31.1402 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Calcium Fluxes: 
 




















1A  597.8701 137.5101 88.6187 656.1964 22.8242 
1B 73%:25%:02% 636.7594 146.4547 97.5632 704.2931 24.4972 
1C   592.6679 136.3136 87.4222 651.4785 22.6601 
2A  572.9313 131.7742 82.8828 611.2241 21.2600 
2B 67%:30%:03% 604.7548 139.0936 90.2022 674.8956 23.4746 
2C  550.1493 126.5343 77.6429 639.9518 22.2592 
3A   544.5901 125.2557 76.3643 589.8825 20.5177 
3B 62%:35%:03% 580.4284 133.4985 84.6071 651.8884 22.6744 
3C   543.5194 125.0095 76.1180 607.5956 21.1338 
4A  613.5949 141.1268 92.2354 683.0228 23.7573 
4B 63%:35%:02% 649.5824 149.4040 100.5125 740.6038 25.7601 
4C  594.2916 136.6871 87.7956 720.3407 25.0553 
5A   699.3479 160.8500 111.9586 915.1099 31.8299 
5B 63%:35%:02% 766.7439 176.3511 127.4597 1036.6031 36.0558 
5C   742.6895 170.8186 121.9272 1014.0529 35.2714 
6A  669.8188 154.0583 105.1669 813.1829 28.2846 
6B 63%:35%:02% 704.0087 161.9220 113.0306 878.3268 30.5505 
6C   709.7299 163.2379 114.3465 909.2909 31.6275 
7A  677.7614 155.8851 106.9937 909.8644 31.6475 
7B 63%:35%:02% 767.1537 176.4454 127.5539 1015.1626 35.3100 
7C   730.4083 167.9939 119.1025 1014.3844 35.2829 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  


















Calculation of Cumulative Calcium Fluxes: 
 
   Best Four PG Compositions                                                  Calcium Leaching Study Data: Day 28 
ID  
PG:Class C Fly 
ash:Portland 














1A  566.2575 130.2392 81.3478 737.5442 25.6537 
1B 73%:25%:02% 624.5999 143.6580 94.7666 799.0597 27.7934 
1C   583.7287 134.2576 85.3662 736.8447 25.6294 
2A  537.183 123.5521 74.6607 685.8848 23.8569 
2B 67%:30%:03% 569.8626 131.0684 82.1770 757.0726 26.3330 
2C  561.9338 129.2448 80.3534 720.3052 25.0541 
3A   512.2434 117.8160 68.9246 658.8071 22.9150 
3B 62%:35%:03% 576.131 132.5101 83.6187 735.5071 25.5829 
3C   555.7237 127.8165 78.9250 686.5206 23.8790 
4A  555.5041 127.7659 78.8745 761.8974 26.5008 
4B 63%:35%:02% 611.0251 140.5358 91.6444 832.2481 28.9478 
4C  580.9798 133.6254 84.7339 805.0746 28.0026 
5A   651.0013 149.7303 100.8389 1015.9488 35.3373 
5B 63%:35%:02% 692.9263 159.3730 110.4816 1147.0848 39.8986 
5C   723.6568 166.4411 117.5496 1131.6025 39.3601 
6A  600.8413 138.1935 89.3021 902.4850 31.3908 
6B 63%:35%:02% 629.4985 144.7847 95.8932 974.2201 33.8859 
6C   637.2769 146.5737 97.6823 1006.9732 35.0252 
7A  625.5070 143.8666 94.9752 1004.8395 34.9509 
7B 63%:35%:02% 701.9422 161.4467 112.5553 1127.7179 39.2250 
7C   659.9257 151.7829 102.8915 1117.2759 38.8618 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  




Calculation of Cumulative Calcium Fluxes: 
 
   Best Four PG Compositions                                                  Calcium Leaching Study Data: Day 42 
ID  
PG:Class C Fly 
ash:Portland 














1A  431.2189 99.1804 50.2889 787.8331 27.4029 
1B 73%:25%:02% 435.1048 100.0741 51.1827 850.2424 29.5736 
1C   470.3171 108.1729 59.2815 796.1262 27.6913 
2A  465.3787 107.0371 58.1457 744.0305 25.8793 
2B 67%:30%:03% 473.1300 108.8199 59.9285 817.0011 28.4174 
2C  468.0535 107.6523 58.7609 779.0660 27.0979 
3A   479.8177 110.3581 61.4667 720.2737 25.0530 
3B 62%:35%:03% 465.3854 107.0386 58.1472 793.6543 27.6054 
3C   476.9187 109.6913 60.7999 747.3205 25.9938 
4A  541.0339 124.4378 75.5464 837.4437 29.1285 
4B 63%:35%:02% 525.5887 120.8854 71.9940 904.2421 31.4519 
4C  526.4699 121.0881 72.1966 877.2713 30.5138 
5A   709.6628 163.2224 114.3310 1130.2798 39.3141 
5B 63%:35%:02% 701.9003 161.4371 112.5457 1259.6304 43.8132 
5C   719.5073 165.4867 116.5953 1248.1978 43.4156 
6A  657.2323 151.1634 102.2720 1004.7570 34.9481 
6B 63%:35%:02% 646.3708 148.6653 99.7739 1073.9939 37.3563 
6C   647.7636 148.9856 100.0942 1107.0674 38.5067 
7A  723.2803 166.3545 117.4630 1122.3026 39.0366 
7B 63%:35%:02% 711.4396 163.6311 114.7397 1242.4576 43.2159 
7C   696.0257 160.0859 111.1945 1228.4704 42.7294 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  




Calculation of Cumulative Calcium Fluxes: 
 
   Best Four PG Compositions                                                  Calcium Leaching Study Data: Day 56 
ID  
PG:Class C Fly 
ash:Portland 














1A  599.9426 137.9868 89.0954 876.9285 30.5019 
1B 73%:25%:02% 583.6140 134.2312 85.3398 935.5822 32.5420 
1C   589.3023 135.5395 86.6481 882.7743 30.7052 
2A  548.9706 126.2632 77.3718 821.4023 28.5705 
2B 67%:30%:03% 568.4311 130.7392 81.8477 898.8488 31.2643 
2C  558.5583 128.4684 79.5770 858.6430 29.8658 
3A   541.6539 124.5804 75.6890 795.9627 27.6857 
3B 62%:35%:03% 539.7594 124.1447 75.2532 868.9075 30.2229 
3C   550.0097 126.5022 77.6108 824.9313 28.6933 
4A  582.5972 133.9974 85.1059 922.5497 32.0887 
4B 63%:35%:02% 559.5264 128.6911 79.7997 984.0418 34.2275 
4C  548.5155 126.1586 77.2671 954.5384 33.2013 
5A   668.9599 153.8608 104.9693 1235.2491 42.9652 
5B 63%:35%:02% 678.7780 156.1189 107.2275 1366.8579 47.5429 
5C   701.4293 161.3287 112.4373 1360.6351 47.3264 
6A  603.1027 138.7136 89.8222 1094.5792 38.0723 
6B 63%:35%:02% 607.2831 139.6751 90.7837 1164.7776 40.5140 
6C   607.4696 139.7180 90.8266 1197.8940 41.6659 
7A  694.3294 159.6958 110.8043 1233.1069 42.8907 
7B 63%:35%:02% 709.6374 163.2166 114.3252 1356.7827 47.1924 
7C   661.0637 152.0447 103.1532 1331.6236 46.3173 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  




Calculation of Cumulative Calcium Fluxes: 
 
   Best Four PG Compositions                                                  Calcium Leaching Study Data: Day 77 
ID  
PG:Class C Fly 
ash:Portland 














1A  633.2556 145.6488 96.7574 973.6859 33.8673 
1B 73%:25%:02% 581.6206 133.7727 84.8813 1020.4635 35.4944 
1C   555.1162 127.6767 78.7853 961.5597 33.4456 
2A  600.1461 138.0336 89.1422 910.5445 31.6711 
2B 67%:30%:03% 550.3504 126.5806 77.6892 976.5380 33.9665 
2C  594.1403 136.6523 87.7609 946.4039 32.9184 
3A   548.6312 126.1852 77.2938 873.2565 30.3741 
3B 62%:35%:03% 530.5690 122.0309 73.1394 942.0470 32.7669 
3C   535.4702 123.1581 74.2667 899.1981 31.2765 
4A  629.2697 144.7320 95.8406 1018.3903 35.4223 
4B 63%:35%:02% 655.2655 150.7111 101.8196 1085.8614 37.7691 
4C  588.1479 135.2740 86.3826 1040.9210 36.2059 
5A   789.0005 181.4701 132.5787 1367.8278 47.5766 
5B 63%:35%:02% 756.3553 173.9617 125.0703 1491.9282 51.8932 
5C   757.3153 174.1825 125.2911 1485.9262 51.6844 
6A  671.1752 154.3703 105.4789 1200.0581 41.7411 
6B 63%:35%:02% 670.3551 154.1817 105.2902 1270.0678 44.1763 
6C   662.2412 152.3155 103.4241 1301.3180 45.2632 
7A  740.7364 170.3694 121.4780 1354.5849 47.1160 
7B 63%:35%:02% 733.4662 168.6972 119.8058 1476.5886 51.3596 
7C   748.5589 172.1685 123.2771 1454.9007 50.6052 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  






























73% :25% :02% 67% :30% :03%
63% :35% :02% 62% :35% :03%
63% :35% :02% L-Ov 63% :35% :02% S-Air
63% :35% :02% L-Air
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Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 0.08  
ID  
PG:Class C Fly 
ash:Portland 














1A  1901.2378 437.2847 84.5347 84.5347 2.9403 
1B 73%:25%:02% 1882.6417 433.0076 80.2576 80.2576 2.7916 
1C   1867.4338 429.5098 76.7598 76.7598 2.6699 
2A  1961.0001 451.0300 98.2800 98.2800 3.4184 
2B 67%:30%:03% 1979.3804 455.2575 102.5075 102.5075 3.5655 
2C  1919.6723 441.5246 88.7746 88.7746 3.0878 
3A   1973.6505 453.9396 101.1896 101.1896 3.5196 
3B 62%:35%:03% 1830.4849 421.0115 68.2615 68.2615 2.3743 
3C   1925.5369 442.8735 90.1235 90.1235 3.1347 
4A  2043.3307 469.9661 117.2161 117.2161 4.0771 
4B 63%:35%:02% 1981.5154 455.7485 102.9985 102.9985 3.5826 
4C  1995.5736 458.9819 106.2319 106.2319 3.6950 
5A   2135.3218 491.1240 138.3740 138.3740 4.8130 
5B 63%:35%:02% 2153.8686 495.3898 142.6398 142.6398 4.9614 
5C   2197.5126 505.4279 152.6779 152.6779 5.3105 
6A  2093.1728 481.4297 128.6797 128.6797 4.4758 
6B 63%:35%:02% 2039.0292 468.9767 116.2267 116.2267 4.0427 
6C   2092.0234 481.1654 128.4154 128.4154 4.4666 
7A  2186.1269 502.8092 150.0592 150.0592 5.2195 
7B 63%:35%:02% 2157.6550 496.2606 143.5106 143.5106 4.9917 
7C   2139.6368 492.1165 139.3665 139.3665 4.8475 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 0.29  
ID  
PG:Class C Fly 
ash:Portland 














1A  1966.6683 452.3337 99.5837 184.1184 6.4041 
1B 73%:25%:02% 2001.1274 460.2593 107.5093 187.7669 6.5310 
1C   1970.3204 453.1737 100.4237 177.1835 6.1629 
2A  1930.1592 443.9366 91.1866 189.4666 6.5901 
2B 67%:30%:03% 1916.6196 440.8225 88.0725 190.5800 6.6289 
2C  1974.7122 454.1838 101.4338 190.2084 6.6159 
3A   1938.6968 445.9003 93.1503 194.3399 6.7596 
3B 62%:35%:03% 1928.8444 443.6342 90.8842 159.1457 5.5355 
3C   1921.0276 441.8364 89.0864 179.2098 6.2334 
4A  2027.6135 466.3511 113.6011 230.8172 8.0284 
4B 63%:35%:02% 1933.1360 444.6213 91.8713 194.8698 6.7781 
4C  1991.6347 458.0760 105.3260 211.5579 7.3585 
5A   2155.9110 495.8595 143.1095 281.4836 9.7907 
5B 63%:35%:02% 2193.9008 504.5972 151.8472 294.4870 10.2430 
5C   2198.5633 505.6696 152.9196 305.5975 10.6295 
6A  2123.3684 488.3747 135.6247 264.3045 9.1932 
6B 63%:35%:02% 2094.5634 481.7496 128.9996 245.2263 8.5296 
6C   2030.4934 467.0135 114.2635 242.6789 8.4410 
7A  2190.6783 503.8560 151.1060 301.1652 10.4753 
7B 63%:35%:02% 2125.4195 488.8465 136.0965 279.6071 9.7255 
7C   2131.9297 490.3438 137.5938 276.9603 9.6334 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 1  
ID  
PG:Class C Fly 
ash:Portland 














1A  2108.1121 484.8658 132.1158 316.2342 10.9994 
1B 73%:25%:02% 2077.7428 477.8808 125.1308 312.8977 10.8834 
1C   1992.6482 458.3091 105.5591 282.7425 9.8345 
2A  2090.7197 480.8655 128.1155 317.5822 11.0463 
2B 67%:30%:03% 2074.3374 477.0976 124.3476 314.9276 10.9540 
2C  1939.0359 445.9782 93.2282 283.4367 9.8587 
3A   2056.0076 472.8817 120.1317 314.4716 10.9381 
3B 62%:35%:03% 2095.4677 481.9576 129.2076 288.3533 10.0297 
3C   2006.0628 461.3944 108.6444 287.8543 10.0123 
4A  2133.8069 490.7756 138.0256 368.8428 12.8293 
4B 63%:35%:02% 2115.6742 486.6051 133.8551 328.7249 11.4339 
4C  2104.7532 484.0932 131.3432 342.9012 11.9270 
5A   2428.9268 558.6532 205.9032 487.3867 16.9526 
5B 63%:35%:02% 2434.3886 559.9094 207.1594 501.6464 17.4486 
5C   2435.5143 560.1683 207.4183 513.0158 17.8440 
6A  2460.2646 565.8609 213.1109 477.4153 16.6058 
6B 63%:35%:02% 2435.2848 560.1155 207.3655 452.5918 15.7423 
6C   2417.4262 556.0080 203.2580 445.9369 15.5108 
7A  2378.7612 547.1151 194.3651 495.5303 17.2358 
7B 63%:35%:02% 2462.0577 566.2733 213.5233 493.1304 17.1524 
7C   2426.4002 558.0720 205.3220 482.2823 16.7750 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 2  
ID  
PG:Class C Fly 
ash:Portland 














1A  2072.0602 476.5738 123.8238 440.0580 15.3064 
1B 73%:25%:02% 2132.3328 490.4365 137.6865 450.5843 15.6725 
1C   2055.6022 472.7885 120.0385 402.7811 14.0098 
2A  2104.3255 483.9949 131.2449 448.8270 15.6114 
2B 67%:30%:03% 2088.9830 480.4661 127.7161 442.6437 15.3963 
2C  1870.9329 430.3146 77.5646 361.0012 12.5566 
3A   2042.1670 469.6984 116.9484 431.4200 15.0059 
3B 62%:35%:03% 1991.3097 458.0012 105.2512 393.6045 13.6906 
3C   1983.6223 456.2331 103.4831 391.3374 13.6117 
4A  2163.9406 497.7063 144.9563 513.7991 17.8713 
4B 63%:35%:02% 2152.7555 495.1338 142.3838 471.1086 16.3864 
4C  1999.3191 459.8434 107.0934 449.9945 15.6520 
5A   2507.7281 576.7775 224.0275 711.4142 24.7448 
5B 63%:35%:02% 2454.2880 564.4862 211.7362 713.3826 24.8133 
5C   2548.4620 586.1463 233.3963 746.4120 25.9622 
6A  2369.8854 545.0736 192.3236 669.7390 23.2953 
6B 63%:35%:02% 2286.7642 525.9558 173.2058 625.7976 21.7669 
6C   2426.6664 558.1333 205.3833 651.3202 22.6546 
7A  2401.6303 552.3750 199.6250 695.1552 24.1793 
7B 63%:35%:02% 2376.0627 546.4944 193.7444 686.8748 23.8913 
7C   2367.0466 544.4207 191.6707 673.9531 23.4418 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 3  
ID  
PG:Class C Fly 
ash:Portland 














1A  2012.7960 462.9431 110.1931 550.2511 19.1392 
1B 73%:25%:02% 1988.0139 457.2432 104.4932 555.0775 19.3070 
1C   1867.1628 429.4474 76.6974 479.4785 16.6775 
2A  1928.4847 443.5515 90.8015 539.6285 18.7697 
2B 67%:30%:03% 2005.4244 461.2476 108.4976 551.1413 19.1701 
2C  1875.2898 431.3166 78.5666 439.5679 15.2893 
3A   1886.4529 433.8842 81.1342 512.5542 17.8280 
3B 62%:35%:03% 1926.6462 443.1286 90.3786 483.9832 16.8342 
3C   1865.5718 429.0815 76.3315 467.6689 16.2667 
4A  2107.6464 484.7587 132.0087 645.8078 22.4629 
4B 63%:35%:02% 2049.3301 471.3459 118.5959 589.7046 20.5115 
4C  1981.6865 455.7879 103.0379 553.0324 19.2359 
5A   2275.5697 523.3810 170.6310 882.0452 30.6798 
5B 63%:35%:02% 2383.0196 548.0945 195.3445 908.7271 31.6079 
5C   2358.3894 542.4296 189.6796 936.0916 32.5597 
6A  2211.7377 508.6997 155.9497 825.6887 28.7196 
6B 63%:35%:02% 2102.6615 483.6121 130.8621 756.6597 26.3186 
6C   2176.2059 500.5274 147.7774 799.0975 27.7947 
7A  2278.9300 524.1539 171.4039 866.5592 30.1412 
7B 63%:35%:02% 2267.0469 521.4208 168.6708 855.5456 29.7581 
7C   2331.9532 536.3492 183.5992 857.5523 29.8279 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 4  
ID  
PG:Class C Fly 
ash:Portland 














1A  1925.5392 442.8740 90.1240 640.3751 22.2739 
1B 73%:25%:02% 2013.3143 463.0623 110.3123 665.3897 23.1440 
1C   1968.1077 452.6648 99.9148 579.3933 20.1528 
2A  1971.5923 453.4662 100.7162 640.3448 22.2729 
2B 67%:30%:03% 1916.3906 440.7698 88.0198 639.1612 22.2317 
2C  1909.2012 439.1163 86.3663 525.9342 18.2934 
3A   1920.2750 441.6632 88.9132 601.4674 20.9206 
3B 62%:35%:03% 1922.6545 442.2105 89.4605 573.4437 19.9459 
3C   1884.4889 433.4325 80.6825 548.3514 19.0731 
4A  2084.2075 479.3677 126.6177 772.4255 26.8670 
4B 63%:35%:02% 2081.1064 478.6545 125.9045 715.6090 24.8907 
4C  1983.3266 456.1651 103.4151 656.4475 22.8330 
5A   2154.4562 495.5249 142.7749 1024.8201 35.6459 
5B 63%:35%:02% 2249.3679 517.3546 164.6046 1073.3317 37.3333 
5C   2196.5461 505.2056 152.4556 1088.5472 37.8625 
6A  2040.5704 469.3312 116.5812 942.2699 32.7746 
6B 63%:35%:02% 2047.0874 470.8301 118.0801 874.7398 30.4257 
6C   2105.3526 484.2311 131.4811 930.5786 32.3680 
7A  2181.6605 501.7819 149.0319 1015.5911 35.3249 
7B 63%:35%:02% 2231.1010 513.1532 160.4032 1015.9488 35.3374 
7C   2183.6064 502.2295 149.4795 1007.0318 35.0272 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 5  
ID  
PG:Class C Fly 
ash:Portland 














1A  1996.0141 459.0832 106.3332 746.7084 25.9725 
1B 73%:25%:02% 1981.5917 455.7661 103.0161 768.4058 26.7272 
1C   1847.9160 425.0207 72.2707 651.6640 22.6666 
2A  1734.4587 398.9255 46.1755 686.5203 23.8790 
2B 67%:30%:03% 1963.0126 451.4929 98.7429 737.9040 25.6662 
2C  1928.1612 443.4771 90.7271 616.6612 21.4491 
3A   1865.7356 429.1192 76.3692 677.8366 23.5769 
3B 62%:35%:03% 1855.1138 426.6762 73.9262 647.3699 22.5172 
3C   1804.1338 414.9508 62.2008 610.5522 21.2366 
4A  2029.9864 466.8969 114.1469 886.5724 30.8373 
4B 63%:35%:02% 2051.1122 471.7558 119.0058 834.6148 29.0301 
4C  1977.6096 454.8502 102.1002 758.5478 26.3843 
5A   2112.3983 485.8516 133.1016 1157.9217 40.2755 
5B 63%:35%:02% 2128.3842 489.5284 136.7784 1210.1101 42.0908 
5C   2146.9440 493.7971 141.0471 1229.5943 42.7685 
6A  2002.6789 460.6161 107.8661 1050.1360 36.5265 
6B 63%:35%:02% 1983.9277 456.3034 103.5534 978.2932 34.0276 
6C   2041.3359 469.5073 116.7573 1047.3359 36.4291 
7A  2168.8365 498.8324 146.0824 1161.6735 40.4060 
7B 63%:35%:02% 2183.2421 502.1457 149.3957 1165.3445 40.5337 
7C   2142.8879 492.8642 140.1142 1147.1460 39.9007 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 8  
ID  
PG:Class C Fly 
ash:Portland 














1A  2156.2260 495.9320 143.1820 889.8903 30.9527 
1B 73%:25%:02% 2095.5880 481.9852 129.2352 897.6411 31.2223 
1C   1980.6296 455.5448 102.7948 754.4588 26.2420 
2A  2001.2069 460.2776 107.5276 794.0479 27.6191 
2B 67%:30%:03% 2022.2862 465.1258 112.3758 850.2799 29.5750 
2C  2025.7755 465.9284 113.1784 729.8396 25.3857 
3A   2017.2139 463.9592 111.2092 789.0458 27.4451 
3B 62%:35%:03% 1947.9596 448.0307 95.2807 742.6506 25.8313 
3C   1950.5706 448.6312 95.8812 706.4334 24.5716 
4A  2158.9003 496.5471 143.7971 1030.3695 35.8389 
4B 63%:35%:02% 2139.5299 492.0919 139.3419 973.9567 33.8768 
4C  2136.1274 491.3093 138.5593 897.1071 31.2037 
5A   2464.5753 566.8523 214.1023 1372.0240 47.7226 
5B 63%:35%:02% 2371.2691 545.3919 192.6419 1402.7520 48.7914 
5C   2424.3218 557.5940 204.8440 1434.4383 49.8935 
6A  2357.6374 542.2566 189.5066 1239.6426 43.1180 
6B 63%:35%:02% 2318.6950 533.2999 180.5499 1158.8430 40.3076 
6C   2441.0202 561.4346 208.6846 1256.0205 43.6877 
7A  2440.1708 561.2393 208.4893 1370.1627 47.6578 
7B 63%:35%:02% 2464.7846 566.9005 214.1505 1379.4950 47.9824 
7C   2478.7112 570.1036 217.3536 1364.4995 47.4609 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 11  
ID  
PG:Class C Fly 
ash:Portland 














1A  2120.1563 487.6359 134.8859 1024.7763 35.6444 
1B 73%:25%:02% 2021.4914 464.9430 112.1930 1009.8341 35.1247 
1C   1992.4126 458.2549 105.5049 859.9637 29.9118 
2A  2051.8436 471.9240 119.1740 913.2219 31.7642 
2B 67%:30%:03% 2027.8733 466.4109 113.6609 963.9407 33.5284 
2C  1936.1903 445.3238 92.5738 822.4134 28.6057 
3A   1979.6797 455.3263 102.5763 891.6222 31.0129 
3B 62%:35%:03% 1961.6197 451.1725 98.4225 841.0731 29.2547 
3C   1858.3071 427.4106 74.6606 781.0940 27.1685 
4A  2145.6803 493.5065 140.7565 1171.1259 40.7348 
4B 63%:35%:02% 2136.8963 491.4861 138.7361 1112.6929 38.7024 
4C  1986.1039 456.8039 104.0539 1001.1610 34.8230 
5A   2246.6501 516.7295 163.9795 1536.0036 53.4262 
5B 63%:35%:02% 2247.4885 516.9224 164.1724 1566.9244 54.5017 
5C   2246.8711 516.7804 164.0304 1598.4687 55.5989 
6A  2209.9925 508.2983 155.5483 1395.1909 48.5284 
6B 63%:35%:02% 2150.8462 494.6946 141.9446 1300.7877 45.2448 
6C   2153.7329 495.3586 142.6086 1398.6291 48.6480 
7A  2276.7071 523.6426 170.8926 1541.0554 53.6019 
7B 63%:35%:02% 2305.2109 530.1985 177.4485 1556.9435 54.1546 
7C   2260.0178 519.8041 167.0541 1531.5536 53.2714 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 14  
ID  
PG:Class C Fly 
ash:Portland 














1A  1926.9910 443.2079 90.4579 1115.2342 38.7908 
1B 73%:25%:02% 1894.4974 435.7344 82.9844 1092.8185 38.0111 
1C   1926.3549 443.0616 90.3116 950.2753 33.0531 
2A  1861.3950 428.1209 75.3709 988.5927 34.3858 
2B 67%:30%:03% 1901.1045 437.2540 84.5040 1048.4448 36.4676 
2C  1825.8276 419.9403 67.1903 889.6037 30.9427 
3A   1807.7035 415.7718 63.0218 954.6440 33.2050 
3B 62%:35%:03% 1793.5455 412.5155 59.7655 900.8386 31.3335 
3C   1808.4324 415.9395 63.1895 844.2835 29.3664 
4A  1971.1388 453.3619 100.6119 1271.7379 44.2344 
4B 63%:35%:02% 1925.4914 442.8630 90.1130 1202.8059 41.8367 
4C  1881.7243 432.7966 80.0466 1081.2076 37.6072 
5A   2012.9318 462.9743 110.2243 1646.2279 57.2601 
5B 63%:35%:02% 2026.5209 466.0998 113.3498 1680.2742 58.4443 
5C   2039.0271 468.9762 116.2262 1714.6949 59.6416 
6A  1988.8192 457.4284 104.6784 1499.8693 52.1694 
6B 63%:35%:02% 1944.6796 447.2763 94.5263 1395.3140 48.5327 
6C   1916.7987 440.8637 88.1137 1486.7428 51.7128 
7A  1995.8861 459.0538 106.3038 1647.3592 57.2994 
7B 63%:35%:02% 2090.9353 480.9151 128.1651 1685.1086 58.6125 
7C   2055.9652 472.8720 120.1220 1651.6756 57.4496 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 21  
ID  
PG:Class C Fly 
ash:Portland 














1A  2147.1986 493.8557 141.1057 1256.3399 43.6988 
1B 73%:25%:02% 2071.6929 476.4894 123.7394 1216.5579 42.3151 
1C   1976.2106 454.5284 101.7784 1052.0537 36.5932 
2A  2006.4959 461.4941 108.7441 1097.3368 38.1682 
2B 67%:30%:03% 1921.6551 441.9807 89.2307 1137.6754 39.5713 
2C  1859.7432 427.7409 74.9909 964.5946 33.5511 
3A   1941.0882 446.4503 93.7003 1048.3443 36.4641 
3B 62%:35%:03% 1899.5905 436.9058 84.1558 984.9944 34.2607 
3C   1850.2523 425.5580 72.8080 917.0915 31.8988 
4A  2131.3996 490.2219 137.4719 1409.2098 49.0160 
4B 63%:35%:02% 2116.5717 486.8115 134.0615 1336.8674 46.4997 
4C  1999.5341 459.8928 107.1428 1188.3504 41.3339 
5A   2360.2673 542.8615 190.1115 1836.3394 63.8727 
5B 63%:35%:02% 2356.8426 542.0738 189.3238 1869.5980 65.0295 
5C   2297.8491 528.5053 175.7553 1890.4502 65.7548 
6A  2286.8336 525.9717 173.2217 1673.0910 58.1945 
6B 63%:35%:02% 2226.1637 512.0177 159.2677 1554.5816 54.0724 
6C   2262.7972 520.4434 167.6934 1654.4362 57.5456 
7A  2335.6406 537.1973 184.4473 1831.8065 63.7150 
7B 63%:35%:02% 2385.4220 548.6471 195.8971 1881.0057 65.4263 
7C   2327.5661 535.3402 182.5902 1834.2658 63.8006 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  



















Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 28  
ID  
PG:Class C Fly 
ash:Portland 














1A  2022.2886 465.1264 112.3764 1368.7163 47.6075 
1B 73%:25%:02% 2021.1301 464.8599 112.1099 1328.6678 46.2145 
1C   1925.7396 442.9201 90.1701 1142.2238 39.7295 
2A  1966.7281 452.3475 99.5975 1196.9343 41.6325 
2B 67%:30%:03% 1883.2068 433.1376 80.3876 1218.0630 42.3674 
2C  1834.1346 421.8510 69.1010 1033.6956 35.9546 
3A   1885.8653 433.7490 80.9990 1129.3433 39.2815 
3B 62%:35%:03% 1882.9754 433.0843 80.3343 1065.3287 37.0549 
3C   1858.2249 427.3917 74.6417 991.7332 34.4951 
4A  2022.2732 465.1228 112.3728 1521.5826 52.9246 
4B 63%:35%:02% 2014.9929 463.4484 110.6984 1447.5657 50.3501 
4C  1939.5214 446.0899 93.3399 1281.6903 44.5805 
5A   2184.9448 502.5373 149.7873 1986.1267 69.0827 
5B 63%:35%:02% 2204.6254 507.0638 154.3138 2023.9118 70.3969 
5C   2255.1169 518.6769 165.9269 2056.3771 71.5262 
6A  2115.0377 486.4587 133.7087 1806.7997 62.8452 
6B 63%:35%:02% 2082.4430 478.9619 126.2119 1680.7935 58.4624 
6C   2029.6672 466.8235 114.0735 1768.5096 61.5134 
7A  2148.9625 494.2614 141.5114 1973.3179 68.6371 
7B 63%:35%:02% 2217.5873 510.0451 157.2951 2038.3007 70.8974 
7C   2182.0681 501.8757 149.1257 1983.3915 68.9875 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  





Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 42  
ID  
PG:Class C Fly 
ash:Portland 














1A  1776.6096 408.6202 55.8702 1424.5865 49.5508 
1B 73%:25%:02% 1783.9608 410.3110 57.5610 1386.2288 48.2167 
1C   1801.4237 414.3275 61.5775 1203.8013 41.8713 
2A  1748.8603 402.2379 49.4879 1246.4221 43.3538 
2B 67%:30%:03% 1800.9999 414.2300 61.4800 1279.5430 44.5058 
2C  1771.6508 407.4797 54.7297 1088.4253 37.8583 
3A   1779.0546 409.1826 56.4326 1185.7758 41.2444 
3B 62%:35%:03% 1763.0194 405.4945 52.7445 1118.0732 38.8895 
3C   1779.0864 409.1899 56.4399 1048.1731 36.4582 
4A  2024.1470 465.5538 112.8038 1634.3864 56.8482 
4B 63%:35%:02% 1960.1686 450.8388 98.0888 1545.6545 53.7619 
4C  1968.6519 452.7899 100.0399 1381.7303 48.0602 
5A   2334.6621 536.9723 184.2223 2170.3489 75.4904 
5B 63%:35%:02% 2301.9268 529.4432 176.6932 2200.6050 76.5428 
5C   2347.9355 540.0252 187.2752 2243.6522 78.0401 
6A  2249.7244 517.4366 164.6866 1971.4863 68.5734 
6B 63%:35%:02% 2213.0974 509.0124 156.2624 1837.0559 63.8976 
6C   2222.7829 511.2401 158.4901 1926.9997 67.0261 
7A  2353.0405 541.1993 188.4493 2161.7672 75.1919 
7B 63%:35%:02% 2376.2209 546.5308 193.7808 2232.0815 77.6376 
7C   2318.9963 533.3692 180.6192 2164.0106 75.2699 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  
Mean SO42- in BLK (mg) = 352.75 
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Calculation of Cumulative Sulfate Fluxes: 
 
Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 56 
ID 
PG:Class C Fly 
ash:Portland 














1A  2060.1123 473.8258 121.0758 1545.6623 53.7622 
1B 73%:25%:02% 2034.8857 468.0237 115.2737 1501.5025 52.2262 
1C  2026.7249 466.1467 113.3967 1317.1980 45.8156 
2A  1901.6156 437.3716 84.6216 1331.0437 46.2972 
2B 67%:30%:03% 1984.5303 456.4420 103.6920 1383.2350 48.1125 
2C  1979.7993 455.3538 102.6038 1191.0291 41.4271 
3A  1909.2058 439.1173 86.3673 1272.1432 44.2485 
3B 62%:35%:03% 1918.3728 441.2257 88.4757 1206.5489 41.9669 
3C  1913.1821 440.0319 87.2819 1135.4550 39.4941 
4A  2083.7505 479.2626 126.5126 1760.8990 61.2487 
4B 63%:35%:02% 2075.5895 477.3856 124.6356 1670.2901 58.0970 
4C  2061.5934 474.1665 121.4165 1503.1468 52.2834 
5A  2329.7200 535.8356 183.0856 2353.4345 81.8586 
5B 63%:35%:02% 2332.9655 536.5821 183.8321 2384.4370 82.9369 
5C  2347.9495 540.0284 187.2784 2430.9306 84.5541 
6A  2166.2169 498.2299 145.4799 2116.9662 73.6336 
6B 63%:35%:02% 2137.3013 491.5793 138.8293 1975.8852 68.7264 
6C  2147.7101 493.9733 141.2233 2068.2230 71.9382 
7A  2294.5490 527.7463 174.9963 2336.7635 81.2787 
7B 63%:35%:02% 2341.6315 538.5752 185.8252 2417.9068 84.1011 
7C  2277.5289 523.8317 171.0817 2335.0923 81.2206 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  
Mean SO42- in BLK (mg) = 352.75 
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Calculation of Cumulative Sulfate Fluxes: 
 
   Best Four PG Compositions                                               Sulfate Leaching Study Data: Day 77  
ID  
PG:Class C Fly 
ash:Portland 














1A  2198.2563 505.5989 152.8489 1698.5112 59.0787 
1B 73%:25%:02% 2042.4448 469.7623 117.0123 1618.5148 56.2962 
1C   2036.6301 468.4249 115.6749 1432.8729 49.8391 
2A  2061.1686 474.0688 121.3188 1452.3625 50.5170 
2B 67%:30%:03% 1929.4995 443.7849 91.0349 1474.2698 51.2790 
2C  2054.1360 472.4513 119.7013 1310.7304 45.5906 
3A   1949.6600 448.4218 95.6718 1367.8150 47.5762 
3B 62%:35%:03% 1927.2506 443.2676 90.5176 1297.0666 45.1154 
3C   1956.4131 449.9750 97.2250 1232.6800 42.8758 
4A  2176.5804 500.6135 147.8635 1908.7625 66.3917 
4B 63%:35%:02% 2283.8881 525.2943 172.5443 1842.8344 64.0986 
4C  2105.5003 484.2651 131.5151 1634.6618 56.8578 
5A   2513.8324 578.1815 225.4315 2578.8660 89.6997 
5B 63%:35%:02% 2439.4022 561.0625 208.3125 2592.7495 90.1826 
5C   2480.7973 570.5834 217.8334 2648.7640 92.1309 
6A  2332.2301 536.4129 183.6629 2300.6291 80.0219 
6B 63%:35%:02% 2233.9572 513.8102 161.0602 2136.9454 74.3285 
6C   2286.3039 525.8499 173.0999 2241.3229 77.9591 
7A  2429.9588 558.8905 206.1405 2542.9040 88.4488 
7B 63%:35%:02% 2446.5649 562.7099 209.9599 2627.8667 91.4041 
7C   2476.5198 569.5996 216.8496 2551.9419 88.7632 
 
Specimen Volume (cm3) = 9.03  
Surface Area (cm2)   = 28.75  





























73% :25% :02% 67% :30% :03%
63% :35% :02% 62% :35% :03%
63% :35% :02% L-Ov 63% :35% :02% S-Air
63% :35% :02% L-Air
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Comparison: Effective Calcium and Sulfate Diffusion Coefficients for THE BEST 
FOUR PG Composite Combinations Calculated using Theoretical Co values: 
 
Calcium Effective Diffusion Coefficients (Using Theoretical Co) 
PG Composite 
K1 
(Co - C1) 
mg·cm-2 
K2(Co - C1)  
mg·cm-2·d-0.5 











73%:25%:02% -0.79 6.52 -0.29 355.67 0.2746 0.0183 -0.0008 3.06E-13 
67%:30%:03% 0 5.94 -0.25 326.44 0.2613 0.0182 -0.0008 3.02E-13 
63%:35%:02% -0.73 6.96 -0.31 306.95 0.2898 0.0187 -0.0008 4.68E-13 
62%:35%:03% 0 5.72 -0.24 302.08 0.2513 0.0230 -0.0010 3.27E-13 
         
Sulfate Effective Diffusion Coefficients (Using Theoretical Co) 
PG Composite 
K1 
(Co - C1) 
mg·cm-2 
K2 
(Co - C1)    
mg·cm-2·d-
0.5 











73%:25%:02% 0 12.091 -0.689 702.80 0.4637 0.0172 -0.0010 2.69E-13 
67%:30%:03% 0 11.425 -0.696 698.16 0.4165 0.0164 -0.0010 2.44E-13 
63%:35%:02% 0 10.755 -0.670 685.98 0.5134 0.0157 -0.0010 2.24E-13 
62%:35%:03% 0 13.617 -0.773 668.99 0.3848 0.0204 -0.0012 3.77E-13 
     








73%:25%:03% 2.69E-13 3.06E-13 0.9 
67%:30%:03% 2.44E-13 3.02E-13 0.8 
63%:35%:02% 2.24E-13 4.68E-13 0.5 
62%:35%:03% 3.77E-13 3.27E-13 1.2 


















Comparison: Effective Calcium and Sulfate Diffusion Coefficients for THE BEST 
FOUR PG Composite Combinations Calculated using Experimental Co values: 
 
Calcium Effective Diffusion Coefficients (Using Experimental Co) 
PG Composite 
K1 
(Co - C1) 
mg·cm-2 
K2(Co - C1)  
mg·cm-2·d-0.5 











73%:25%:02% -0.79 6.52 -0.29 469.44 0.2746 0.0139 -0.0006 1.75E-13 
67%:30%:03% 0.00 5.94 -0.25 473.36 0.2613 0.0126 -0.0005 1.44E-13 
62%:35%:03% 0.00 5.72 -0.24 467.54 0.2513 0.0122 -0.0005 1.36E-13 
63%:35%:02% -0.73 6.96 -0.31 421.44 0.2898 0.0165 -0.0007 2.48E-13 
63%:35%:02% 0.00 9.44 -0.43 317.71 0.3979 0.0297 -0.0014 8.04E-13 
63%:35%:02% 0.00 8.22 -0.37 306.95 0.3483 0.0268 -0.0012 6.53E-13 
63%:35%:02% 0.00 9.34 -0.43 317.71 0.3925 0.0294 -0.0013 7.88E-13 
         
Sulfate Effective Diffusion Coefficients (Using Experimental Co) 
PG Composite 
K1 
(Co - C1) 
mg·cm-2 
K2 
(Co - C1)    
mg·cm-2·d-
0.5 











73%:25%:02% 0 12.091 -0.689 670.88 0.4637 0.0172 -0.0010 2.96E-13 
67%:30%:03% 0 11.425 -0.696 624.41 0.4165 0.0164 -0.0010 3.05E-13 
62%:35%:03% 0 10.755 -0.670 609.43 0.3848 0.0157 -0.0010 3.25E-13 
63%:35%:02% 0 13.617 -0.773 569.53 0.5134 0.0204 -0.0012 4.54E-13 
63%:35%:02% 0 19.618 -1.108 697.98 0.7327 0.0281 -0.0016 7.20E-13 
63%:35%:02% 0 17.179 -0.993 685.98 0.6348 0.0251 -0.0014 5.71E-13 












































Appendix D: Standard Proctor Compaction Test Results  
 
 (In Accordance with ASTM: D698) 
- Initial Nine PG Composite Combinations 
- Best Four PG Composite Combinations 
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Compaction Test Results for PG Briquettes (Initial Nine Combinations) 
PG:Class C Fly 
ash:Portland type 




















Unit Weight of 
compaction* 
(gm/cm3) 
Avg. S.D. (n=2) 
5.5964 1.3536 1353.60 1.4355 1.3292 
77%:20%:03% 




5.5882 1.3454 1345.40 1.4268 1.3211 
73%:25%:02% 




5.5894 1.3466 1346.60 1.4281 1.3223 
72%:25%:03% 




5.5728 1.3300 1330.00 1.4105 1.3060 
69%:30%:01% 




5.5187 1.2759 1275.90 1.3531 1.2529 
68%:30%:02% 




5.5618 1.3190 1319.00 1.3988 1.2952 
67%:30%:03% 




5.5366 1.2938 1293.80 1.3721 1.2704 
64%:35%:01% 




5.5366 1.2938 1293.80 1.3721 1.2704 
63%:35%:02% 




5.5465 1.3037 1303.70 1.3826 1.2802 
62%:35%:03% 





* Volume of the Standard Mold = 942.951 cm3 
Weight of Std. Mold = 4.2538 kg 



















Compaction Test Results for PG Briquettes (Best Four Combinations) 
PG:Class C Fly 
ash:Portland type 




















Unit Weight of 
compaction* 
(gm/cm3) 
Avg. S.D. (n=2) 
5.6749 1.4211 1421.10 1.5071 1.4491 
5.6625 1.4087 1408.70 1.4939 1.4365 73%:25%:02% 




5.6787 1.4249 1424.90 1.5111 1.4530 
5.6687 1.4149 1414.90 1.5005 1.4428 67%:30%:03% 




5.7084 1.4546 1454.60 1.5426 1.4833 
5.6994 1.4456 1445.60 1.5331 1.4741 62%:35%:03% 




5.7377 1.4839 1483.90 1.5737 1.5132 
5.7661 1.5123 1512.30 1.6038 1.5421 63%:35%:02% 






* Volume of the Standard Mold = 942.951 cm3 
Weight of the Standard Mold = 4.2538 kg 





















Appendix E: Specific Gravity Test Results 
 
(In Accordance with ASTM: C127-88) 
- Initial Nine PG Composite Combinations 
- Best Four PG Composite Combinations 
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Specific Gravity Test Results on PG Composite Briquettes  
(Initial Nine Combinations) 
PG:Class C Fly 
ash:Portland type II 


















498 272 2.2035 
500 269 2.1645 77%:20%:03% 
498 270 2.1842 
2.18 0.0195 
503 276 2.2159 
498 274 2.2232 73%:25%:03% 
498 274 2.2232 
2.22 0.0042 
497 266 2.1515 
505 272 2.1674 72%:25%:03% 
494 267 2.1762 
2.17 0.0125 
500 267 2.1459 
498 268 2.1652 69%:30%:01% 
496 266 2.1565 
2.16 0.0097 
499 270 2.1790 
494 272 2.2252 68%:30%:02% 
500 271 2.1834 
2.20 0.0255 
498 272 2.2035 
491 269 2.2117 67%:30%:03% 
496 272 2.2143 
2.21 0.0056 
501 274 2.2070 
503 275 2.2061 64%:35%:01% 
495 270 2.2000 
2.20 0.0038 
501 274 2.2070 
494 271 2.2152 63%:35%:02% 
498 272 2.2035 
2.21 0.0060 
503 279 2.2455 
491 274 2.2627 62%:35%:03% 
492 273 2.2466 
2.25 0.0096 
 
June 26th 02          PD / Will 
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Specific Gravity Test Results on PG Composite Briquettes 
 (FINAL FOUR Combinations) 
Sample 
ID 
PG:Class C Fly 
ash:Portland type 

















1A 505.2 282.3 2.2665 
1B 497.3 274.2 2.2290 
1C 
73%:25%:02% 
509.6 279.6 2.2157 
2.24 0.0263 
2A 498.1 275.0 2.2326 
2B 507.3 281.8 2.2497 
2C 
67%:30%:03% 
495.0 273.1 2.2307 
2.24 0.0104 
3A 494.4 276.0 2.2637 
3B 504.1 280.4 2.2535 
3C 
62%:35%:03% 
502.1 279.8 2.2587 
2.26 0.0051 
4A 508.1 280.4 2.2314 
4B 506.4 279.1 2.2279 
4C 
63%:35%:02% 
508.9 275.5 2.1804 
2.21 0.0285 
5A 505.8 275.5 2.1963 
5B 506.5 268.4 2.1273 
5C 
63%:35%:02% 
501.7 270.5 2.1700 
2.16 0.0348 
6A 505.7 277.7 2.2180 
6B 502.6 272.1 2.1805 
6C 
63%:35%:02% 
503.2 269.3 2.1513 
2.18 0.0334 
7A 496.9 268.0 2.1708 
7B 502.3 273.5 2.1954 
7C 
63%:35%:02% 
492.9 264.8 2.1609 
2.18 0.0177 
 






















Appendix F: Sieve Analysis Data Results (Initial Nine) 
 
 (In Accordance with ASTM: D422) 
- Initial Nine PG Composite Combinations 
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 Sieve Analysis Test Results (77%:20%:03%)  









each sieve, Wn 
(kg) 





Percent of mass 









0.0000 - 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.0000 - 19.50 
0.0455 
0.02 2.00 2.00 98.0004 
0.6578 - 12.70 
0.5792 
0.62 54.36 56.36 43.6363 
0.2296 4 4.75 
0.2495 
0.24 21.06 77.42 22.5806 
0.0995 10 2.00 
0.0985 
0.10 8.70 86.12 13.8789 
0.0670 20 0.85 
0.0634 
0.07 5.73 91.85 8.1480 
0.0365 40 0.43 
0.0345 
0.04 3.12 94.97 5.0277 
0.0218 60 0.25 
0.0212 
0.02 1.89 96.86 3.1379 
0.0172 140 0.11 
0.0171 
0.02 1.51 98.37 1.6305 
0.0051 200 0.08 
0.0054 
0.01 0.46 98.83 1.1690 
0.0153 PAN - 
0.0112 
0.01 - - - 
 Sum of the Avg. Mass = 1.1377    
   
 
Percent Loss of Mass 
During Analysis: 0.00097 
  < ± 2%.  OK! 
   
 








 Sieve Analysis Test Results (73%:25%:02%)  









each sieve, Wn 
(kg) 















0.0000 - 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.0675 - 19.50 
0.1830 
0.13 10.69 10.69 89.3077 
0.6792 - 12.70 
0.5761 
0.63 53.58 64.27 35.7265 
0.2398 4 4.75 
0.2470 
0.24 20.78 85.05 14.9479 
0.0700 10 2.00 
0.0676 
0.07 5.87 90.93 9.0746 
0.0422 20 0.85 
0.0377 
0.04 3.41 94.34 5.6642 
0.0249 40 0.43 
0.0266 
0.03 2.20 96.53 3.4659 
0.0162 60 0.25 
0.0158 
0.02 1.37 97.90 2.1001 
0.0121 140 0.11 
0.0118 
0.01 1.02 98.92 1.0799 
0.0019 200 0.08 
0.0022 
0.00 0.18 99.10 0.9049 
0.0107 PAN - 
0.0105 
0.01 - - - 
 Sum of the Avg. Mass = 1.1714    
   
 
Percent Loss of Mass 
During Analysis: -0.003383 
  < ± 2%.  OK! 












 Sieve Analysis Test Results (72%:25%:02%)  









each sieve, Wn 
(kg) 





Percent of mass 









0.0000 - 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.1345 - 19.50 
0.1532 
0.1439 11.86 11.86 88.1351 
0.6675 - 12.70 
0.5065 
0.5870 48.42 60.28 39.7187 
0.2402 4 4.75 
0.2417 
0.2410 19.87 80.16 19.8449 
0.0939 10 2.00 
0.0873 
0.0906 7.47 87.63 12.3722 
0.0646 20 0.85 
0.0617 
0.0632 5.21 92.84 7.1635 
0.0330 40 0.43 
0.0328 
0.0329 2.71 95.55 4.4499 
0.0189 60 0.25 
0.0198 
0.0194 1.60 97.15 2.8538 
0.0158 140 0.11 
0.0163 
0.0161 1.32 98.47 1.5300 
0.0049 200 0.08 
0.0044 
0.0047 0.38 98.85 1.1465 
0.0127 PAN - 
0.0150 
0.0139 - - - 
 Sum of the Avg. Mass = 1.2124    
   
 
Percent Loss of Mass 
During Analysis: -0.01763 
  < ± 2%.  OK! 
   
 








 Sieve Analysis Test Results (69%:30%:01%)  









each sieve, Wn 
(kg) 





Percent of mass 









0.0000 - 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.0901 - 19.50 
0.0703 
0.08 7.07 7.07 92.9327 
0.6203 - 12.70 
0.6282 
0.62 55.01 62.08 37.9230 
0.2335 4 4.75 
0.2225 
0.23 20.09 82.17 17.8313 
0.0829 10 2.00 
0.0814 
0.08 7.24 89.41 10.5922 
0.0491 20 0.85 
0.0466 
0.05 4.22 93.62 6.3756 
0.0252 40 0.43 
0.0236 
0.02 2.15 95.77 4.2254 
0.0167 60 0.25 
0.0153 
0.02 1.41 97.18 2.8155 
0.0135 140 0.11 
0.0126 
0.01 1.15 98.33 1.6655 
0.0040 200 0.08 
0.0033 
0.00 0.32 98.66 1.3438 
0.0156 PAN - 
0.0148 
0.02 - - - 
 Sum of the Avg. Mass = 1.1348    
   
 
Percent Loss of Mass 
During Analysis: -0.000220 
  < ± 2%.  OK! 












 Sieve Analysis Test Results (68%:30%:02%)  









each sieve, Wn 
(kg) 





Percent of mass 









0.0000 - 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.1907 - 19.50 
0.2195 
0.21 16.35 16.35 83.6548 
0.6588 - 12.70 
0.6262 
0.64 51.20 67.55 32.4514 
0.2405 4 4.75 
0.2308 
0.24 18.78 86.33 13.6715 
0.0715 10 2.00 
0.0785 
0.08 5.98 92.31 7.6945 
0.0400 20 0.85 
0.0442 
0.04 3.36 95.66 4.3393 
0.0193 40 0.43 
0.0231 
0.02 1.69 97.35 2.6498 
0.0111 60 0.25 
0.0136 
0.01 0.98 98.33 1.6656 
0.0091 140 0.11 
0.0120 
0.01 0.84 99.18 0.8248 
0.0022 200 0.08 
0.0039 
0.00 0.24 99.42 0.5818 
0.0089 PAN - 
0.0057 
0.01 - - - 
 Sum of the Avg. Mass = 1.2548    
   
 
Percent Loss of Mass 
During Analysis: -0.000558 
  < ± 2%.  OK! 
   
 








 Sieve Analysis Test Results (67%:30%:03%)  









each sieve, Wn 
(kg) 





Percent of mass 









0.0000 - 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.1568 - 19.50 
0.1652 
0.16 14.14 14.14 85.8648 
0.5779 - 12.70 
0.5558 
0.57 49.77 63.90 36.0975 
0.2272 4 4.75 
0.2106 
0.22 19.22 83.12 16.8788 
0.0830 10 2.00 
0.0798 
0.08 7.15 90.27 9.7322 
0.0485 20 0.85 
0.0464 
0.05 4.17 94.43 5.5663 
0.0243 40 0.43 
0.0235 
0.02 2.10 96.53 3.4680 
0.0141 60 0.25 
0.0139 
0.01 1.23 97.76 2.2388 
0.0110 140 0.11 
0.0117 
0.01 1.00 98.76 1.2423 
0.0030 200 0.08 
0.0030 
0.00 0.26 99.02 0.9789 
0.0104 PAN - 
0.0118 
0.01 - - - 
 Sum of the Avg. Mass = 1.1390    
   
 
Percent Loss of Mass 
During Analysis: -0.001451 
  < ± 2%.  OK! 












 Sieve Analysis Test Results (64%:35%:01%)  









each sieve, Wn 
(kg) 





Percent of mass 









0.0000 - 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.2264 - 19.50 
0.1935 
0.21 16.53 16.53 83.4698 
0.5900 - 12.70 
0.5945 
0.59 46.63 63.16 36.8396 
0.2501 4 4.75 
0.2742 
0.26 20.64 83.80 16.1995 
0.0836 10 2.00 
0.0896 
0.09 6.82 90.62 9.3812 
0.0523 20 0.85 
0.0555 
0.05 4.24 94.86 5.1374 
0.0258 40 0.43 
0.0254 
0.03 2.02 96.88 3.1218 
0.0148 60 0.25 
0.0143 
0.01 1.15 98.02 1.9762 
0.0120 140 0.11 
0.0116 
0.01 0.93 98.95 1.0472 
0.0034 200 0.08 
0.0036 
0.00 0.28 99.23 0.7716 
0.0101 PAN - 
0.0095 
0.01 - - - 
 Sum of the Avg. Mass = 1.2701    
   
 
Percent Loss of Mass 
During Analysis: -0.000709 
  < ± 2%.  OK! 
   








 Sieve Analysis Test Results (63%:35%:02%)  









each sieve, Wn 
(kg) 





Percent of mass 









0.0000 - 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.2370 - 19.50 
0.1899 
0.21 16.74 16.74 83.2588 
0.6362 - 12.70 
0.6850 
0.66 51.81 68.55 31.4471 
0.2302 4 4.75 
0.2307 
0.23 18.07 86.63 13.3725 
0.0711 10 2.00 
0.0779 
0.07 5.84 92.47 7.5294 
0.0422 20 0.85 
0.0442 
0.04 3.39 95.86 4.1412 
0.0203 40 0.43 
0.0216 
0.02 1.64 97.50 2.4980 
0.0113 60 0.25 
0.0118 
0.01 0.91 98.41 1.5922 
0.0089 140 0.11 
0.0097 
0.01 0.73 99.14 0.8627 
0.0023 200 0.08 
0.0020 
0.00 0.17 99.31 0.6941 
0.0084 PAN - 
0.0092 
0.01 - - - 
 Sum of the Avg. Mass = 1.2750    
   
 
Percent Loss of Mass 
During Analysis: -0.000589 
  < ± 2%.  OK! 
   
 








 Sieve Analysis Test Results (62%:35%:02%)  









each sieve, Wn 
(kg) 





Percent of mass 









0.0000 - 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.4518 - 19.50 
0.1971 
0.32 26.98 26.98 73.0210 
0.3157 - 12.70 
0.6690 
0.49 40.94 67.92 32.0805 
0.2021 4 4.75 
0.2229 
0.21 17.67 85.59 14.4104 
0.0620 10 2.00 
0.0812 
0.07 5.95 91.54 8.4567 
0.0406 20 0.85 
0.0470 
0.04 3.64 95.19 4.8146 
0.0241 40 0.43 
0.0241 
0.02 2.00 97.19 2.8106 
0.0131 60 0.25 
0.0137 
0.01 1.11 98.30 1.6963 
0.0096 140 0.11 
0.0099 
0.01 0.81 99.11 0.8856 
0.0023 200 0.08 
0.0022 
0.00 0.19 99.30 0.6985 
0.0084 PAN - 
0.0084 
0.01 - - - 
 Sum of the Avg. Mass = 1.2026    
   
 
Percent Loss of Mass 
During Analysis: -0.002668 
  < ± 2%.  OK! 





























Appendix G: Sieve Analysis Data Results (Best Four) 
 
 (In Accordance with ASTM: D422) 
- Best Four PG Composite Combinations 
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Mass retained, Wn 
(kg) 
Avg. Mass  
retained, Wn (kg)
% of mass retained 






0.0000 1" 25.40 
0.0135 
0.00 0.32 0.00 100.0000 
0.3409 
0.2968 3/4" 19.50 
0.1841 
0.27 19.51 19.51 80.4946 
0.6350 
0.6195 1/2" 12.70 
0.7612 
0.67 47.84 67.35 32.6521 
0.0869 
0.1054 3/8" 9.51 
0.0784 
0.09 6.43 73.77 26.2271 
0.1301 
0.1416 4 4.75 
0.1203 
0.13 9.30 83.08 16.9230 
0.1053 
0.1076 10 2.00 
0.0979 
0.10 7.38 90.45 9.5462 
0.0448 
0.0502 18 1.00 
0.0484 
0.05 3.40 93.86 6.1426 
0.0076 
0.0079 20 0.85 
0.0080 
0.01 0.56 94.42 5.5848 
0.0266 
0.0297 40 0.43 
0.0284 
0.03 2.01 96.43 3.5745 
0.0166 
0.0182 60 0.25 
0.0176 
0.02 1.24 97.67 2.3308 
0.0143 
0.0164 140 0.11 
0.0154 
0.02 1.09 98.76 1.2366 
0.0041 
0.0044 200 0.08 
0.0041 
0.00 0.30 99.06 0.9375 
0.0080 
0.0092 PAN - 
0.0088 
0.01 0.62 - - 
 Sum of the Avg. Mass = 1.4044    
   
 
Percent Loss of Mass During 
Analysis: -0.202964 
< ± 2%.  OK! 










































































Mass retained, Wn 
(kg) 
Avg. Mass  
retained, Wn (kg)
% of mass retained 






0.0000 1" 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.3632 
0.3284 3/4" 19.50 
0.3516 
0.35 24.24 24.24 75.7570 
0.5886 
0.6365 1/2" 12.70 
0.6424 
0.62 43.40 67.64 32.3581 
0.1028 
0.0813 3/8" 9.51 
0.0814 
0.09 6.17 73.81 26.1881 
0.1404 
0.1181 4 4.75 
0.1353 
0.13 9.15 82.96 17.0366 
0.1038 
0.1108 10 2.00 
0.1129 
0.11 7.61 90.57 9.4258 
0.0484 
0.0520 18 1.00 
0.0543 
0.05 3.60 94.17 5.8307 
0.0078 
0.0085 20 0.85 
0.0087 
0.01 0.58 94.75 5.2497 
0.0268 
0.0299 40 0.43 
0.0307 
0.03 2.03 96.78 3.2186 
0.0165 
0.0184 60 0.25 
0.0185 
0.02 1.24 98.02 1.9776 
0.0144 
0.0163 140 0.11 
0.0160 
0.02 1.09 99.11 0.8924 
0.0036 
0.0043 200 0.08 
0.0040 
0.00 0.28 99.38 0.6158 
0.0085 
0.0092 PAN - 
0.0088 
0.01 0.62 - - 
 Sum of the Avg. Mass = 1.4344    
   
 
Percent Loss of Mass During 
Analysis: -0.228632 
< ± 2%.  OK! 
   
 207
 


















































Test Conducted on: 12/05/2002 
By: Pradyot/Will  













Mass retained, Wn 
(kg) 
Avg. Mass  
retained, Wn (kg)
% of mass retained 






0.0000 1" 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.2469 
0.2106 3/4" 19.50 
0.2707 
0.24 16.20 16.20 83.8001 
0.7001 
0.6939 1/2" 12.70 
0.7068 
0.70 46.74 62.94 37.0648 
0.0717 
0.1108 3/8" 9.51 
0.0990 
0.09 6.26 69.20 30.8024 
0.1393 
0.1776 4 4.75 
0.1148 
0.14 9.60 78.80 21.1986 
0.1398 
0.1404 10 2.00 
0.1285 
0.14 9.09 87.89 12.1065 
0.0637 
0.0631 18 1.00 
0.0607 
0.06 4.17 92.06 7.9353 
0.0103 
0.0098 20 0.85 
0.0110 
0.01 0.69 92.76 7.2434 
0.0392 
0.0372 40 0.43 
0.0389 
0.04 2.57 95.32 4.6784 
0.0249 
0.0239 60 0.25 
0.0282 
0.03 1.71 97.03 2.9655 
0.0234 
0.0220 140 0.11 
0.0222 
0.02 1.50 98.54 1.4616 
0.0073 
0.0078 200 0.08 
0.0068 
0.01 0.49 99.03 0.9744 
0.0153 
0.0134 PAN - 
0.0151 
0.01 0.97 - - 
 Sum of the Avg. Mass = 1.4984    
   
 
Percent Loss of Mass During 
Analysis: -0.283453 
< ± 2%.  OK! 
   
 209
 


































































Mass retained, Wn 
(kg) 
Avg. Mass  
retained, Wn (kg)
% of mass retained 






0.0000 1" 25.40 
0.0000 
0.00 0.00 0.00 100.0000 
0.3072 
0.3629 3/4" 19.50 
0.3659 
0.35 23.83 23.83 76.1702 
0.6426 
0.6056 1/2" 12.70 
0.5764 
0.61 41.97 65.80 34.2013 
0.0781 
0.0905 3/8" 9.51 
0.0735 
0.08 5.57 71.37 28.6325 
0.1398 
0.1268 4 4.75 
0.1453 
0.14 9.47 80.84 19.1581 
0.1317 
0.1192 10 2.00 
0.1299 
0.13 8.76 89.60 10.3991 
0.0611 
0.0545 18 1.00 
0.0614 
0.06 4.07 93.67 6.3278 
0.0092 
0.0083 20 0.85 
0.0086 
0.01 0.60 94.27 5.7274 
0.0327 
0.0294 40 0.43 
0.0342 
0.03 2.22 96.49 3.5124 
0.0192 
0.0177 60 0.25 
0.0206 
0.02 1.32 97.81 2.1898 
0.0168 
0.0156 140 0.11 
0.0183 
0.02 1.17 98.98 1.0236 
0.0047 
0.0041 200 0.08 
0.0047 
0.00 0.31 99.29 0.7131 
0.0099 
0.0094 PAN - 
0.0117 
0.01 0.71 - - 
 Sum of the Avg. Mass = 1.4492    
   
 
Percent Loss of Mass During 
Analysis: -0.241309 
< ± 2%.  OK! 
   
 211
 










































































Appendix H: Surface Hardness Test Results  
 
 (In Accordance with BS1377: 1975) 
- Initial Nine PG Composite Combinations 
o Control PG Briquettes 
o Leached PG Briquettes 
- Best Four PG Composite Combinations 
o Control PG Briquettes 
o Leached PG Briquettes 
 213
 
Surface Hardness Test Results on Control PG Briquettes            
(Initial Nine Combinations) 
PG:Class C Fly 
ash:Portland 


















































Surface Hardness Test Results on Leached PG Briquettes            
(Initial Nine Combinations) 
PG:Class C Fly 
ash:Portland type II 











































Total PG Composites briquettes tested: 27    
Initial NINE combinations. (Control and Leached)      
** All PG Composite briquette samples were tested in triplicates at six different points  
     on the surface. 
Tested on 06/14/2003    
Test conducted by: Pradyot / Amy    
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Surface Hardness Test Results on Control PG Briquettes  
(Best FOUR Combinations) 
Sample 
ID 
PG:Class C Fly 
ash:Portland type 

































































Surface Hardness Test Results on Leached PG Briquettes  
(Best FOUR Combinations) 
Sample 
ID 
PG:Class C Fly 
ash:Portland type 
































































































Total PG Composites briquettes tested: 21    
Best FOUR combinations (Control and Leached)   
** All PG Composite briquette samples were tested in triplicates at six different points 
     on the surface. 
     
Tested on 02/03/2003    


















Appendix I: Dry and Wet Weight Study Results 
 
  
- Initial Nine PG Composite Combinations 
o Control PG Briquettes 
o Leached PG Briquettes 
- Best Four PG Composite Combinations 
o Control PG Briquettes 




  Porosity – (Wet / Dry Weights Study) of Control PG Briquettes  
(Initial NINE Combinations) 
PG:Class C Fly 
ash:Portland 






















16.77 15.45 1.32 15.52 
15.70 14.51 1.19 14.02 77%:20%:03% 




  16.91 15.74 1.17 13.80 
73%:25%:03% 16.92 15.80 1.12 13.19 




15.87 14.66 1.22 14.31 
15.86 14.63 1.23 14.53 72%:25%:03% 




13.69 12.45 1.24 14.64 
14.18 12.98 1.20 14.15 69%:30%:01% 




14.37 13.25 1.12 13.14 
15.69 14.50 1.19 14.01 68%:30%:02% 




16.24 15.01 1.24 14.55 
16.42 15.21 1.22 14.32 67%:30%:03% 




15.87 14.73 1.13 13.35 
16.10 14.85 1.25 14.76 64%:35%:01% 




15.33 14.15 1.18 13.83 
14.62 13.50 1.12 13.17 63%:35%:02% 




15.72 14.60 1.12 13.14 
15.03 13.88 1.15 13.50 62%:35%:03% 





Total PG Composites briquettes: 27  
** All PG Composite briquettes were soaked in tap water at room temperature for 24 hours. 
**Soaked PG Briquettes were again weighed after oven-drying them for 24 hours at 50oC. 
Tested on 07/17/02 
By: PD/ Will 
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  Porosity – (Wet / Dry Weights Study) of Leached PG Briquettes  
(Initial NINE Combinations) 
PG:Class C Fly 
ash:Portland 






















14.15 12.25 1.90 22.35 
13.85 12.09 1.76 20.66 77%:20%:03% 




  16.53 15.07 1.46 17.22 
73%:25%:03% 16.11 14.47 1.63 19.23 




13.93 12.24 1.69 19.93 
15.16 13.45 1.71 20.16 72%:25%:03% 




12.63 10.97 1.66 19.47 
13.15 11.49 1.66 19.54 69%:30%:01% 




14.64 13.20 1.44 16.99 
14.71 13.24 1.48 17.37 68%:30%:02% 




14.96 13.49 1.46 17.21 
14.83 13.39 1.44 16.98 67%:30%:03% 




13.78 12.47 1.31 15.43 
14.80 13.48 1.32 15.53 64%:35%:01% 




14.37 12.95 1.42 16.72 
13.81 12.44 1.37 16.15 63%:35%:02% 




14.20 12.90 1.30 15.31 
14.42 13.15 1.27 14.93 62%:35%:03% 





Total PG Composites briquettes: 27  
** All PG Composite briquettes were soaked in tap water at room temperature for 24 hours. 
**Soaked PG Briquettes were again weighed after oven-drying them for 24 hours at 50oC. 
Tested on 07/17/02 






































































































  Porosity – (Wet / Dry Weights Study) of Control PG Briquettes  
(Best Four Combinations) 
PG:Class C Fly 
ash:Portland 






















20.66 19.82 0.84 9.31 
19.77 18.78 0.99 11.01 73%:25%:03% 




 20.72 19.87 0.85 9.39 
67%:30%:03% 20.31 19.36 0.95 10.55 




18.98 18.00 0.97 10.79 
19.37 18.34 1.03 11.41 63%:35%:02% 




20.49 19.56 0.93 10.28 
20.51 19.68 0.83 9.19 62%:35%:03% 




73.32 69.14 4.11 13.12 
74.79 71.07 3.64 11.62 63%:35%:02% 




19.31 18.36 0.89 9.86 
19.23 18.22 0.99 10.99 63%:35%:02% 




70.79 67.05 3.68 11.73 
74.42 70.60 3.82 12.19 63%:35%:02% 



















  Porosity – (Wet / Dry Weights Study) of Leached PG Briquettes  
(Best Four Combinations) 
PG:Class C Fly 
ash:Portland 






















16.98 15.72 1.26 13.93 
18.37 17.07 1.30 14.35 73%:25%:03% 




 19.60 18.52 1.08 12.00 
67%:30%:03% 17.32 16.22 1.10 12.19 




18.22 16.67 1.55 17.17 
17.65 16.07 1.57 17.39 63%:35%:02% 




19.90 18.80 1.10 12.14 
19.80 18.74 1.05 11.67 62%:35%:03% 




69.44 64.17 5.27 16.82 
77.53 72.23 5.30 16.92 63%:35%:02% 




18.40 16.75 1.65 18.26 
18.20 16.60 1.60 17.69 63%:35%:02% 




70.40 65.03 5.37 17.14 
65.47 60.39 5.07 16.20 63%:35%:02% 













































































Appendix J: TCLP Results  
 
 (In Accordance with EPA Method: 1311, Revised: July-1992) 
- Best Four PG Composite Combinations 
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Limits, ppm a 
Typical Trace 
Element Conc. 










Al 0.5   2.76 2.8 2.26 2.24 
As 0.05 5.0 1.0 - 5.0 c - - - - 
Ba 0.05   - - - - 
Cd 0.075 1.0 0.3 - 0.4 - - - - 
Ca 10   730.6 702.54 1431.34 2200 
Cu 0.05 130.0 N/A 0.12 0.14 0.12 0.12 
Fe 1 30.0 N/A 0.38 0.58 0.54 0.34 
Pb 0.25 5.0 2.0 - 10.0 - - - - 
Mg 5   9.26 9.3 287.14 8.64 
Mn 0.525   - - 0.36 - 
Mo 0.05   0.06 0.04 0.08 0.14 
Ni 0.1   0.08 0.1 0.14 - 
P 5   19.3 19.14 - - 
K 18.75   54.98 53.04 30.32 114.2 
Se 0.25 1.0 1.0 - - - - 
Na 5   1154 1129.34 73.64 53.94 
S 5   747.94 718.14 231.34 70.4 
Zn 0.25 500.0 N/A 0.44 0.42 0.26 0.76 
 
 
a After LaGrega et al., 2001 
b After Taha and Seals, 1992 
c - Below detection Limits 
N/A: Not Available 






















Limits, ppm a 
Typical Trace 
Element Conc. 









Al 0.5   20.06 12.66 43.98 7.89 
As 0.05 5.0 1.0 - 5.0 0.24 0.22 0.18 0.16 
Ba 0.05   7.76 11.04 11.70 13.52 
Cd 0.075 1.0 0.3 - 0.4 0.16 0.12 0.10 0.14 
Ca 10   1626.00 3140.00 2006.00 3352.00 
Cu 0.05 130.0 N/A 0.19 0.20 0.32 0.13 
Fe 1 30.0 N/A 0.30 0.58 0.74 0.44 
Pb 0.25 5.0 2.0 - 10.0 0.16 0.28 0.16 0.20 
Mg 5   129.60 267.70 224.20 322.00 
Mn 0.525   0.77 1.26 1.23 1.32 
Mo 0.05   0.06 0.11 0.04 0.13 
Ni 0.1   0.22 0.46 0.35 0.47 
P 5   0.02 0.02 0.02 0.02 
K 18.75   31.12 53.10 32.91 54.61 
Se 0.25 1.0 1.0 0.32 0.30 0.14 0.17 
Na 5   67.03 119.50 93.42 129.40 
S 5   336.80 600.40 470.50 652.00 
Zn 0.25 500.0 N/A 1.31 1.71 2.23 2.13 
 
 
a After LaGrega et al., 2001 
b After Taha and Seals, 1992 
N/A: Not Available 


































Appendix K: Radium Leaching Study Data  
 
(In Accordance with EPA Method: 903.1, 1980) 
- Best Four PG Composite Combinations 
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Ra226 Measurements on the BEST FOUR PG Composite Compositions: 
 
Radium Leaching Study Data: Day 0.08  
No. 
PG:Class C Fly 
ash:Portland type 













1A 73%:25%:02% 0.34 0.0782 0.0782 0.00272 
2A 67%:30%:03% 0.31 0.0713 0.0713 0.00248 
3A 62%:35%:03% 0.40 0.0920 0.0920 0.00320 
4A 63%:35%:02% 0.12 0.0276 0.0276 0.00096 
      
Radium Leaching Study Data: Day 0.29  
No. 
PG:Class C Fly 
ash:Portland type 













1A 73%:25%:02% 0.28 0.0644 0.1426 0.00496 
2A 67%:30%:03% 0.33 0.0759 0.1472 0.00512 
3A 62%:35%:03% 0.30 0.069 0.1610 0.00560 
4A 63%:35%:02% 0.50 0.115 0.1426 0.00496 
      
Radium Leaching Study Data: Day 1 
No. 
PG:Class C Fly 
ash:Portland type 













1A 73%:25%:02% 0.35 0.0805 0.2231 0.00776 
2A 67%:30%:03% 0.37 0.0851 0.2323 0.00808 
3A 62%:35%:03% 0.48 0.1104 0.2714 0.00944 
4A 63%:35%:02% 0.37 0.0851 0.2277 0.00792 
      
Radium Leaching Study Data: Day 2 
No. 
PG:Class C Fly 
ash:Portland type 













1A 73%:25%:02% 0.32 0.0736 0.2967 0.01032 
2A 67%:30%:03% 0.89 0.2047 0.4370 0.01520 
3A 62%:35%:03% 0.62 0.1426 0.4140 0.01440 
4A 63%:35%:02% 0.44 0.1012 0.3289 0.01144 
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Ra226 Measurements on the BEST FOUR PG Composite Compositions: 
 
Radium Leaching Study Data: Day 3 
No. 
PG:Class C Fly 
ash:Portland 












1A 73%:25%:02% 0.27 0.0621 0.3588 0.01248 
2A 67%:30%:03% 0.64 0.1472 0.5842 0.02032 
3A 62%:35%:03% 0.12 0.0276 0.4416 0.01536 
4A 63%:35%:02% 0.48 0.1104 0.4393 0.01528 
      
Radium Leaching Study Data: Day 4 
No. 
PG:Class C Fly 
ash:Portland 












1A 73%:25%:02% 0.55 0.1265 0.4853 0.01688 
2A 67%:30%:03% 0.18 0.0414 0.6256 0.02176 
3A 62%:35%:03% 0.32 0.0736 0.5152 0.01792 
4A 63%:35%:02% 0.62 0.1426 0.5819 0.02024 
      
Radium Leaching Study Data: Day 5 
No. 
PG:Class C Fly 
ash:Portland 












1A 73%:25%:02% 0.43 0.0989 0.5842 0.02032 
2A 67%:30%:03% 0.41 0.0943 0.7199 0.02504 
3A 62%:35%:03% 0.31 0.0713 0.5865 0.02040 
4A 63%:35%:02% 0.27 0.0621 0.6440 0.02240 
      
Radium Leaching Study Data: Day 8 
No. 
PG:Class C Fly 
ash:Portland 






Cumulative Release  





1A 73%:25%:02% 0.29 0.0667 0.6509 0.02264 
2A 67%:30%:03% 0.19 0.0437 0.7636 0.02656 
3A 62%:35%:03% 0.30 0.069 0.6555 0.02280 
4A 63%:35%:02% 0.34 0.0782 0.7222 0.02512 
 
 231
Ra226 Measurements on the BEST FOUR PG Composite Compositions: 
 
Radium Leaching Study Data: Day 11 
No.  
PG:Class C Fly 
ash:Portland type 













1A 73%:25%:02% 0.62 0.1426 0.7935 0.02760 
2A 67%:30%:03% 0.36 0.0828 0.8464 0.02944 
3A 62%:35%:03% 0.27 0.0621 0.7176 0.02496 
4A 63%:35%:02% 0.51 0.1173 0.8395 0.02920 
      
Radium Leaching Study Data: Day 14 
No.  
PG:Class C Fly 
ash:Portland type 













1A 73%:25%:02% 0.37 0.0851 0.8786 0.03056 
2A 67%:30%:03% 0.31 0.0713 0.9177 0.03192 
3A 62%:35%:03% 0.22 0.0506 0.7682 0.02672 
4A 63%:35%:02% 0.24 0.0552 0.8947 0.03112 
      
Radium Leaching Study Data: Day 21 
No.  
PG:Class C Fly 
ash:Portland type 













1A 73%:25%:02% 0.48 0.1104 0.9890 0.03440 
2A 67%:30%:03% 0.24 0.0552 0.9729 0.03384 
3A 62%:35%:03% 0.49 0.1127 0.8809 0.03064 
4A 63%:35%:02% 0.79 0.1817 1.0764 0.03744 
      
Radium Leaching Study Data: Day 28 
No.  
PG:Class C Fly 
ash:Portland type 













1A 73%:25%:02% 0.37 0.0851 1.0741 0.03736 
2A 67%:30%:03% 0.41 0.0943 1.0672 0.03712 
3A 62%:35%:03% 0.66 0.1518 1.0327 0.03592 






C Fly ash: 
Portland type 







Ash  Cement 
Initial 















1A 73%:25%:02% 18.69 2.07 13.64 4.67 0.37 56.234 507.8 1.074 0.212 
2A 67%:30%:03% 19.90 2.20 12.51 5.60 0.56 51.612 466.1 1.067 0.229 
3A 62%:35%:03% 20.64 2.29 11.58 6.54 0.56 47.761 431.3 1.033 0.239 
4A 63%:35%:02% 18.48 2.05 11.77 6.54 0.37 48.531 438.2 1.157 0.264 
 Average 19.43 2.15 12.37 5.84 0.47 51.034 460.8 1.083 0.236 
 
Average Volume of Briquette = 9.03 cm3 
Water Content in the composite briquette = 4 % 






















































Appendix L: Metals Leaching Study Data  
 
- Best Four PG Composite Combinations 
 234
Cu2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
Copper Leaching Study Data: Day 0.08  









1   0.16 0.0368 0.0013 0.0013 
2 73%:25%:02% 0.12 0.0276 0.0010 0.0010 
3   0.08 0.0184 0.0006 0.0006 
4   0.27 0.0621 0.0022 0.0022 
5 67%:30%:03% 0.12 0.0276 0.0010 0.0010 
6   0.13 0.0299 0.0010 0.0010 
7   0.29 0.0667 0.0023 0.0023 
8 63%:35%:02% 0.12 0.0276 0.0010 0.0010 
9   0.19 0.0437 0.0015 0.0015 
10   0.28 0.0644 0.0022 0.0022 
11 62%:35%:03% 0.12 0.0276 0.0010 0.0010 
12   0.22 0.0506 0.0018 0.0018 
 Copper Leaching Study Data: Day 0.29 
1   0.32 0.0736 0.0026 0.0038 
2 73%:25%:02% 0.12 0.0276 0.0010 0.0019 
3   0.12 0.0276 0.0010 0.0016 
4   0.11 0.0253 0.0009 0.0030 
5 67%:30%:03% 0.12 0.0276 0.0010 0.0019 
6   0.12 0.0276 0.0010 0.0020 
7   0.12 0.0276 0.0010 0.0033 
8 63%:35%:02% 0.21 0.0483 0.0017 0.0026 
9   0.00 0.0000 0.0000 0.0015 
10   0.16 0.0368 0.0013 0.0035 
11 62%:35%:03% 0.12 0.0276 0.0010 0.0019 
12   0.12 0.0276 0.0010 0.0027 
 Copper Leaching Study Data: Day 1  
1   0.21 0.0483 0.0017 0.0055 
2 73%:25%:02% 0.18 0.0414 0.0014 0.0034 
3   0.07 0.0161 0.0006 0.0022 
4   0.16 0.0368 0.0013 0.0043 
5 67%:30%:03% 0.12 0.0276 0.0010 0.0029 
6   0.10 0.0230 0.0008 0.0028 
7   0.11 0.0253 0.0009 0.0042 
8 63%:35%:02% 0.15 0.0345 0.0012 0.0038 
9   0.21 0.0483 0.0017 0.0032 
10   0.15 0.0345 0.0012 0.0047 
11 62%:35%:03% 0.17 0.0391 0.0014 0.0033 




Cu2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
Copper Leaching Study Data: Day 2  









1   0.04 0.0092 0.0003 0.0058 
2 73%:25%:02% 0.10 0.0230 0.0008 0.0042 
3   0.12 0.0276 0.0010 0.0031 
4   0.12 0.0276 0.0010 0.0053 
5 67%:30%:03% 0.18 0.0414 0.0014 0.0043 
6   0.12 0.0276 0.0010 0.0038 
7   0.21 0.0483 0.0017 0.0058 
8 63%:35%:02% 0.24 0.0552 0.0019 0.0058 
9   0.17 0.0391 0.0014 0.0046 
10   0.14 0.0322 0.0011 0.0058 
11 62%:35%:03% 0.12 0.0276 0.0010 0.0042 
12   0.10 0.0230 0.0008 0.0038 
 Copper Leaching Study Data: Day 3  
1   0.02 0.0046 0.0002 0.0060 
2 73%:25%:02% 0.05 0.0115 0.0004 0.0046 
3   0.10 0.0230 0.0008 0.0039 
4   0.05 0.0115 0.0004 0.0057 
5 67%:30%:03% 0.08 0.0184 0.0006 0.0050 
6   0.12 0.0276 0.0010 0.0047 
7   0.02 0.0046 0.0002 0.0060 
8 63%:35%:02% 0.14 0.0322 0.0011 0.0069 
9   0.15 0.0345 0.0012 0.0058 
10   0.11 0.0253 0.0009 0.0067 
11 62%:35%:03% 0.00 0.0000 0.0000 0.0042 
12   0.13 0.0299 0.0010 0.0049 
 Copper Leaching Study Data: Day 4  
1   0.06 0.0138 0.0005 0.0065 
2 73%:25%:02% 0.12 0.0276 0.0010 0.0055 
3   0.20 0.0460 0.0016 0.0055 
4   0.03 0.0069 0.0002 0.0059 
5 67%:30%:03% 0.12 0.0276 0.0010 0.0059 
6   0.17 0.0391 0.0014 0.0061 
7   0.12 0.0276 0.0010 0.0070 
8 63%:35%:02% 0.12 0.0276 0.0010 0.0078 
9   0.20 0.0460 0.0016 0.0074 
10   0.26 0.0598 0.0021 0.0088 
11 62%:35%:03% 0.12 0.0276 0.0010 0.0052 




Cu2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
Copper Leaching Study Data: Day 5  









1   0.13 0.0299 0.0010 0.0075 
2 73%:25%:02% 0.19 0.0437 0.0015 0.0070 
3   0.09 0.0207 0.0007 0.0062 
4   0.22 0.0506 0.0018 0.0077 
5 67%:30%:03% 0.22 0.0506 0.0018 0.0077 
6   0.32 0.0736 0.0026 0.0086 
7   0.33 0.0759 0.0026 0.0096 
8 63%:35%:02% 0.25 0.0575 0.0020 0.0098 
9   0.25 0.0575 0.0020 0.0094 
10   0.40 0.0920 0.0032 0.0120 
11 62%:35%:03% 0.41 0.0943 0.0033 0.0085 
12   0.12 0.0276 0.0010 0.0078 
 Copper Leaching Study Data: Day 8  
1   0.46 0.1058 0.0037 0.0112 
2 73%:25%:02% 0.54 0.1242 0.0043 0.0114 
3   0.12 0.0276 0.0010 0.0072 
4   0.16 0.0368 0.0013 0.0090 
5 67%:30%:03% 0.13 0.0299 0.0010 0.0087 
6   0.12 0.0276 0.0010 0.0096 
7   0.21 0.0483 0.0017 0.0113 
8 63%:35%:02% 0.22 0.0506 0.0018 0.0116 
9   0.12 0.0276 0.0010 0.0103 
10   0.29 0.0667 0.0023 0.0143 
11 62%:35%:03% 0.25 0.0575 0.0020 0.0105 
12   0.03 0.0069 0.0002 0.0081 
 Copper Leaching Study Data: Day 11  
1   0.31 0.0713 0.0025 0.0137 
2 73%:25%:02% 0.39 0.0897 0.0031 0.0145 
3   0.06 0.0138 0.0005 0.0077 
4   0.27 0.0621 0.0022 0.0111 
5 67%:30%:03% 0.20 0.0460 0.0016 0.0103 
6   0.27 0.0621 0.0022 0.0118 
7   0.31 0.0713 0.0025 0.0138 
8 63%:35%:02% 0.22 0.0506 0.0018 0.0134 
9   0.36 0.0828 0.0029 0.0132 
10   0.26 0.0598 0.0021 0.0164 
11 62%:35%:03% 0.05 0.0115 0.0004 0.0109 




Cu2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
Copper Leaching Study Data: Day 14  









1   0.16 0.0368 0.0013 0.0150 
2 73%:25%:02% 0.20 0.0460 0.0016 0.0161 
3   0.28 0.0644 0.0022 0.0099 
4   0.16 0.0368 0.0013 0.0124 
5 67%:30%:03% 0.12 0.0276 0.0010 0.0113 
6   0.32 0.0736 0.0026 0.0143 
7   0.58 0.1334 0.0046 0.0184 
8 63%:35%:02% 0.12 0.0276 0.0010 0.0143 
9   0.50 0.1150 0.0040 0.0172 
10   0.13 0.0299 0.0010 0.0174 
11 62%:35%:03% 0.11 0.0253 0.0009 0.0118 
12   0.18 0.0414 0.0014 0.0120 
 Copper Leaching Study Data: Day 21  
1   0.24 0.0552 0.0019 0.0169 
2 73%:25%:02% 0.15 0.0345 0.0012 0.0173 
3   0.30 0.0690 0.0024 0.0123 
4   0.15 0.0345 0.0012 0.0136 
5 67%:30%:03% 0.12 0.0276 0.0010 0.0122 
6   0.34 0.0782 0.0027 0.0170 
7   0.12 0.0276 0.0010 0.0194 
8 63%:35%:02% 0.12 0.0276 0.0010 0.0153 
9   0.45 0.1035 0.0036 0.0208 
10   0.13 0.0299 0.0010 0.0185 
11 62%:35%:03% 0.11 0.0253 0.0009 0.0126 
12   0.53 0.1219 0.0042 0.0162 
 Copper Leaching Study Data: Day 28  
1   0.14 0.0322 0.0011 0.0180 
2 73%:25%:02% 0.12 0.0276 0.0010 0.0182 
3   0.70 0.1610 0.0056 0.0179 
4   0.27 0.0621 0.0022 0.0158 
5 67%:30%:03% 0.21 0.0483 0.0017 0.0139 
6   0.53 0.1219 0.0042 0.0213 
7   0.02 0.0046 0.0002 0.0195 
8 63%:35%:02% 0.25 0.0575 0.0020 0.0173 
9   0.39 0.0897 0.0031 0.0239 
10   0.02 0.0046 0.0002 0.0186 
11 62%:35%:03% 0.15 0.0345 0.0012 0.0138 




Cr3+ Measurements on the BEST FOUR PG Composite Compositions: 
 
Chromium Leaching Study Data: Day 0.08  









1   0.07 0.0161 0.0006 0.0006 
2 73%:25%:02% 0.03 0.0069 0.0002 0.0002 
3   0.06 0.0138 0.0005 0.0005 
4   0.08 0.0184 0.0006 0.0006 
5 67%:30%:03% 0.04 0.0092 0.0003 0.0003 
6   0.07 0.0161 0.0006 0.0006 
7   0.08 0.0184 0.0006 0.0006 
8 63%:35%:02% 0.04 0.0092 0.0003 0.0003 
9   0.07 0.0161 0.0006 0.0006 
10   0.07 0.0161 0.0006 0.0006 
11 62%:35%:03% 0.03 0.0069 0.0002 0.0002 
12   0.07 0.0161 0.0006 0.0006 
 Chromium Leaching Study Data: Day 0.29 
1   0.08 0.0184 0.0006 0.0012 
2 73%:25%:02% 0.04 0.0092 0.0003 0.0006 
3   0.06 0.0138 0.0005 0.0010 
4   0.06 0.0138 0.0005 0.0011 
5 67%:30%:03% 0.05 0.0115 0.0004 0.0007 
6   0.05 0.0115 0.0004 0.0010 
7   0.06 0.0138 0.0005 0.0011 
8 63%:35%:02% 0.09 0.0207 0.0007 0.0010 
9   0.04 0.0092 0.0003 0.0009 
10   0.05 0.0115 0.0004 0.0010 
11 62%:35%:03% 0.06 0.0138 0.0005 0.0007 
12   0.04 0.0092 0.0003 0.0009 
 Chromium Leaching Study Data: Day 1  
1   0.07 0.0161 0.0006 0.0018 
2 73%:25%:02% 0.08 0.0184 0.0006 0.0012 
3   0.06 0.0138 0.0005 0.0014 
4   0.07 0.0161 0.0006 0.0017 
5 67%:30%:03% 0.07 0.0161 0.0006 0.0013 
6   0.06 0.0138 0.0005 0.0014 
7   0.07 0.0161 0.0006 0.0017 
8 63%:35%:02% 0.08 0.0184 0.0006 0.0017 
9   0.11 0.0253 0.0009 0.0018 
10   0.06 0.0138 0.0005 0.0014 
11 62%:35%:03% 0.06 0.0138 0.0005 0.0012 




Cr3+ Measurements on the BEST FOUR PG Composite Compositions: 
 
Chromium Leaching Study Data: Day 2  









1   0.05 0.0115 0.0004 0.0022 
2 73%:25%:02% 0.10 0.0230 0.0008 0.0020 
3   0.06 0.0138 0.0005 0.0019 
4   0.06 0.0138 0.0005 0.0022 
5 67%:30%:03% 0.00 0.0000 0.0000 0.0013 
6   0.05 0.0115 0.0004 0.0018 
7   0.07 0.0161 0.0006 0.0022 
8 63%:35%:02% 0.09 0.0207 0.0007 0.0024 
9   0.07 0.0161 0.0006 0.0023 
10   0.06 0.0138 0.0005 0.0019 
11 62%:35%:03% 0.05 0.0115 0.0004 0.0016 
12   0.05 0.0115 0.0004 0.0017 
 Chromium Leaching Study Data: Day 3  
1   0.05 0.0115 0.0004 0.0026 
2 73%:25%:02% 0.06 0.0138 0.0005 0.0025 
3   0.08 0.0184 0.0006 0.0026 
4   0.06 0.0138 0.0005 0.0026 
5 67%:30%:03% 0.07 0.0161 0.0006 0.0018 
6   0.07 0.0161 0.0006 0.0024 
7   0.05 0.0115 0.0004 0.0026 
8 63%:35%:02% 0.10 0.0230 0.0008 0.0032 
9   0.07 0.0161 0.0006 0.0029 
10   0.05 0.0115 0.0004 0.0023 
11 62%:35%:03% 0.03 0.0069 0.0002 0.0018 
12   0.06 0.0138 0.0005 0.0022 
 Chromium Leaching Study Data: Day 4  
1   0.05 0.0115 0.0004 0.0030 
2 73%:25%:02% 0.04 0.0092 0.0003 0.0028 
3   0.07 0.0161 0.0006 0.0031 
4   0.05 0.0115 0.0004 0.0030 
5 67%:30%:03% 0.04 0.0092 0.0003 0.0022 
6   0.06 0.0138 0.0005 0.0029 
7   0.06 0.0138 0.0005 0.0031 
8 63%:35%:02% 0.04 0.0092 0.0003 0.0035 
9   0.10 0.0230 0.0008 0.0037 
10   0.07 0.0161 0.0006 0.0029 
11 62%:35%:03% 0.04 0.0092 0.0003 0.0022 




Cr3+ Measurements on the BEST FOUR PG Composite Compositions: 
 
 Chromium Leaching Study Data: Day 5  









1   0.06 0.0138 0.0005 0.0034 
2 73%:25%:02% 0.08 0.0184 0.0006 0.0034 
3   0.05 0.0115 0.0004 0.0035 
4   0.07 0.0161 0.0006 0.0036 
5 67%:30%:03% 0.08 0.0184 0.0006 0.0028 
6   0.07 0.0161 0.0006 0.0034 
7   0.09 0.0207 0.0007 0.0038 
8 63%:35%:02% 0.08 0.0184 0.0006 0.0042 
9   0.06 0.0138 0.0005 0.0042 
10   0.08 0.0184 0.0006 0.0035 
11 62%:35%:03% 0.08 0.0184 0.0006 0.0028 
12   0.05 0.0115 0.0004 0.0031 
 Chromium Leaching Study Data: Day 8  
1   0.11 0.0253 0.0009 0.0043 
2 73%:25%:02% 0.12 0.0276 0.0010 0.0044 
3   0.05 0.0115 0.0004 0.0039 
4   0.08 0.0184 0.0006 0.0042 
5 67%:30%:03% 0.10 0.0230 0.0008 0.0036 
6   0.06 0.0138 0.0005 0.0039 
7   0.09 0.0207 0.0007 0.0046 
8 63%:35%:02% 0.09 0.0207 0.0007 0.0049 
9   0.05 0.0115 0.0004 0.0046 
10   0.08 0.0184 0.0006 0.0042 
11 62%:35%:03% 0.08 0.0184 0.0006 0.0034 
12   0.04 0.0092 0.0003 0.0034 
 Chromium Leaching Study Data: Day 11  
1   0.08 0.0184 0.0006 0.0050 
2 73%:25%:02% 0.10 0.0230 0.0008 0.0052 
3   0.06 0.0138 0.0005 0.0044 
4   0.09 0.0207 0.0007 0.0050 
5 67%:30%:03% 0.06 0.0138 0.0005 0.0041 
6   0.11 0.0253 0.0009 0.0048 
7   0.09 0.0207 0.0007 0.0053 
8 63%:35%:02% 0.08 0.0184 0.0006 0.0055 
9   0.10 0.0230 0.0008 0.0054 
10   0.07 0.0161 0.0006 0.0047 
11 62%:35%:03% 0.10 0.0230 0.0008 0.0042 




Cr3+ Measurements on the BEST FOUR PG Composite Compositions: 
 
 Chromium Leaching Study Data: Day 14  









1   0.07 0.0161 0.0006 0.0055 
2 73%:25%:02% 0.10 0.0230 0.0008 0.0060 
3   0.08 0.0184 0.0006 0.0050 
4   0.07 0.0161 0.0006 0.0055 
5 67%:30%:03% 0.07 0.0161 0.0006 0.0046 
6   0.08 0.0184 0.0006 0.0054 
7   0.11 0.0253 0.0009 0.0062 
8 63%:35%:02% 0.07 0.0161 0.0006 0.0061 
9   0.09 0.0207 0.0007 0.0061 
10   0.05 0.0115 0.0004 0.0051 
11 62%:35%:03% 0.07 0.0161 0.0006 0.0048 
12   0.06 0.0138 0.0005 0.0046 
 Chromium Leaching Study Data: Day 21  
1   0.07 0.0161 0.0006 0.0061 
2 73%:25%:02% 0.10 0.0230 0.0008 0.0068 
3   0.11 0.0253 0.0009 0.0059 
4   0.07 0.0161 0.0006 0.0061 
5 67%:30%:03% 0.09 0.0207 0.0007 0.0054 
6   0.09 0.0207 0.0007 0.0062 
7   0.07 0.0161 0.0006 0.0067 
8 63%:35%:02% 0.09 0.0207 0.0007 0.0068 
9   0.10 0.0230 0.0008 0.0069 
10   0.05 0.0115 0.0004 0.0055 
11 62%:35%:03% 0.10 0.0230 0.0008 0.0056 
12   0.10 0.0230 0.0008 0.0054 
 Chromium Leaching Study Data: Day 28  
1   0.07 0.0161 0.0006 0.0066 
2 73%:25%:02% 0.10 0.0230 0.0008 0.0076 
3   0.12 0.0276 0.0010 0.0069 
4   0.08 0.0184 0.0006 0.0067 
5 67%:30%:03% 0.11 0.0253 0.0009 0.0062 
6   0.10 0.0230 0.0008 0.0070 
7   0.05 0.0115 0.0004 0.0071 
8 63%:35%:02% 0.12 0.0276 0.0010 0.0078 
9   0.09 0.0207 0.0007 0.0076 
10   0.04 0.0092 0.0003 0.0058 
11 62%:35%:03% 0.09 0.0207 0.0007 0.0063 




Zn2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
 Zinc Leaching Study Data: Day 0.08  









1   0.05 0.0115 0.0004 0.0004 
2 73%:25%:02% 0.03 0.0069 0.0002 0.0002 
3   0.04 0.0092 0.0003 0.0003 
4   0.06 0.0138 0.0005 0.0005 
5 67%:30%:03% 0.02 0.0046 0.0002 0.0002 
6   0.05 0.0115 0.0004 0.0004 
7   0.06 0.0138 0.0005 0.0005 
8 63%:35%:02% 0.01 0.0023 0.0001 0.0001 
9   0.07 0.0161 0.0006 0.0006 
10   0.06 0.0138 0.0005 0.0005 
11 62%:35%:03% 0.01 0.0023 0.0001 0.0001 
12   0.06 0.0138 0.0005 0.0005 
 Zinc Leaching Study Data: Day 0.29 
1   0.06 0.0138 0.0005 0.0009 
2 73%:25%:02% 0.02 0.0046 0.0002 0.0004 
3   0.02 0.0046 0.0002 0.0005 
4   0.04 0.0092 0.0003 0.0008 
5 67%:30%:03% 0.02 0.0046 0.0002 0.0003 
6   0.04 0.0092 0.0003 0.0007 
7   0.03 0.0069 0.0002 0.0007 
8 63%:35%:02% 0.05 0.0115 0.0004 0.0005 
9   0.05 0.0115 0.0004 0.0010 
10   0.03 0.0069 0.0002 0.0007 
11 62%:35%:03% 0.04 0.0092 0.0003 0.0004 
12   0.03 0.0069 0.0002 0.0007 
 Zinc Leaching Study Data: Day 1  
1   0.05 0.0115 0.0004 0.0013 
2 73%:25%:02% 0.04 0.0092 0.0003 0.0007 
3   0.04 0.0092 0.0003 0.0008 
4   0.04 0.0092 0.0003 0.0011 
5 67%:30%:03% 0.05 0.0115 0.0004 0.0007 
6   0.04 0.0092 0.0003 0.0010 
7   0.02 0.0046 0.0002 0.0009 
8 63%:35%:02% 0.05 0.0115 0.0004 0.0009 
9   0.05 0.0115 0.0004 0.0014 
10   0.01 0.0023 0.0001 0.0008 
11 62%:35%:03% 0.04 0.0092 0.0003 0.0007 




Zn2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
 Zn Leaching Study Data: Day 2  









1   0.02 0.0046 0.0002 0.0014 
2 73%:25%:02% 0.05 0.0115 0.0004 0.0011 
3   0.03 0.0069 0.0002 0.0010 
4   0.02 0.0046 0.0002 0.0013 
5 67%:30%:03% 0.07 0.0161 0.0006 0.0013 
6   0.02 0.0046 0.0002 0.0012 
7   0.02 0.0046 0.0002 0.0010 
8 63%:35%:02% 0.04 0.0092 0.0003 0.0012 
9   0.05 0.0115 0.0004 0.0018 
10   0.03 0.0069 0.0002 0.0010 
11 62%:35%:03% 0.03 0.0069 0.0002 0.0010 
12   0.05 0.0115 0.0004 0.0014 
 Zinc Leaching Study Data: Day 3  
1   0.02 0.0046 0.0002 0.0016 
2 73%:25%:02% 0.03 0.0069 0.0002 0.0014 
3   0.04 0.0092 0.0003 0.0014 
4   0.02 0.0046 0.0002 0.0014 
5 67%:30%:03% 0.03 0.0069 0.0002 0.0015 
6   0.05 0.0115 0.0004 0.0016 
7   0.02 0.0046 0.0002 0.0012 
8 63%:35%:02% 0.04 0.0092 0.0003 0.0015 
9   0.03 0.0069 0.0002 0.0020 
10   0.04 0.0092 0.0003 0.0014 
11 62%:35%:03% 0.01 0.0023 0.0001 0.0010 
12   0.05 0.0115 0.0004 0.0018 
 Zinc Leaching Study Data: Day 4  
1   0.03 0.0069 0.0002 0.0018 
2 73%:25%:02% 0.01 0.0023 0.0001 0.0014 
3   0.06 0.0138 0.0005 0.0018 
4   0.02 0.0046 0.0002 0.0016 
5 67%:30%:03% 0.01 0.0023 0.0001 0.0016 
6   0.06 0.0138 0.0005 0.0021 
7   0.02 0.0046 0.0002 0.0014 
8 63%:35%:02% 0.06 0.0138 0.0005 0.0020 
9   0.08 0.0184 0.0006 0.0026 
10   0.02 0.0046 0.0002 0.0015 
11 62%:35%:03% 0.04 0.0092 0.0003 0.0014 




Zn2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
 Zinc Leaching Study Data: Day 5  









1   0.04 0.0092 0.0003 0.0022 
2 73%:25%:02% 0.04 0.0092 0.0003 0.0018 
3   0.04 0.0092 0.0003 0.0022 
4   0.05 0.0115 0.0004 0.0020 
5 67%:30%:03% 0.06 0.0138 0.0005 0.0021 
6   0.06 0.0138 0.0005 0.0026 
7   0.05 0.0115 0.0004 0.0018 
8 63%:35%:02% 0.06 0.0138 0.0005 0.0025 
9   0.06 0.0138 0.0005 0.0031 
10   0.06 0.0138 0.0005 0.0020 
11 62%:35%:03% 0.08 0.0184 0.0006 0.0020 
12   0.03 0.0069 0.0002 0.0026 
 Zinc Leaching Study Data: Day 8  
1   0.07 0.0161 0.0006 0.0027 
2 73%:25%:02% 0.09 0.0207 0.0007 0.0025 
3   0.03 0.0069 0.0002 0.0024 
4   0.03 0.0069 0.0002 0.0022 
5 67%:30%:03% 0.06 0.0138 0.0005 0.0026 
6   0.01 0.0023 0.0001 0.0026 
7   0.05 0.0115 0.0004 0.0022 
8 63%:35%:02% 0.07 0.0161 0.0006 0.0030 
9   0.03 0.0069 0.0002 0.0034 
10   0.05 0.0115 0.0004 0.0024 
11 62%:35%:03% 0.08 0.0184 0.0006 0.0026 
12   0.04 0.0092 0.0003 0.0030 
 Zinc Leaching Study Data: Day 11  
1   0.04 0.0092 0.0003 0.0030 
2 73%:25%:02% 0.09 0.0207 0.0007 0.0032 
3   0.07 0.0161 0.0006 0.0030 
4   0.05 0.0115 0.0004 0.0026 
5 67%:30%:03% 0.12 0.0276 0.0010 0.0035 
6   0.06 0.0138 0.0005 0.0031 
7   0.05 0.0115 0.0004 0.0026 
8 63%:35%:02% 0.06 0.0138 0.0005 0.0035 
9   0.06 0.0138 0.0005 0.0038 
10   0.05 0.0115 0.0004 0.0028 
11 62%:35%:03% 0.08 0.0184 0.0006 0.0033 




Zn2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
 Zinc Leaching Study Data: Day 14  









1   0.06 0.0138 0.0005 0.0035 
2 73%:25%:02% 0.04 0.0092 0.0003 0.0035 
3   0.06 0.0138 0.0005 0.0034 
4   0.03 0.0069 0.0002 0.0029 
5 67%:30%:03% 0.02 0.0046 0.0002 0.0037 
6   0.05 0.0115 0.0004 0.0035 
7   0.08 0.0184 0.0006 0.0032 
8 63%:35%:02% 0.03 0.0069 0.0002 0.0038 
9   0.07 0.0161 0.0006 0.0044 
10   0.04 0.0092 0.0003 0.0031 
11 62%:35%:03% 0.04 0.0092 0.0003 0.0036 
12   0.06 0.0138 0.0005 0.0038 
 Zinc Leaching Study Data: Day 21  
1   0.04 0.0092 0.0003 0.0038 
2 73%:25%:02% 0.04 0.0092 0.0003 0.0038 
3   0.07 0.0161 0.0006 0.0040 
4   0.03 0.0069 0.0002 0.0031 
5 67%:30%:03% 0.04 0.0092 0.0003 0.0040 
6   0.06 0.0138 0.0005 0.0040 
7   0.04 0.0092 0.0003 0.0035 
8 63%:35%:02% 0.05 0.0115 0.0004 0.0042 
9   0.07 0.0161 0.0006 0.0050 
10   0.04 0.0092 0.0003 0.0034 
11 62%:35%:03% 0.04 0.0092 0.0003 0.0039 
12   0.09 0.0207 0.0007 0.0046 
 Zinc Leaching Study Data: Day 28  
1   0.03 0.0069 0.0002 0.0041 
2 73%:25%:02% 0.04 0.0092 0.0003 0.0042 
3   0.09 0.0207 0.0007 0.0047 
4   0.05 0.0115 0.0004 0.0035 
5 67%:30%:03% 0.05 0.0115 0.0004 0.0044 
6   0.08 0.0184 0.0006 0.0046 
7   0.02 0.0046 0.0002 0.0037 
8 63%:35%:02% 0.05 0.0115 0.0004 0.0046 
9   0.06 0.0138 0.0005 0.0054 
10   0.02 0.0046 0.0002 0.0036 
11 62%:35%:03% 0.04 0.0092 0.0003 0.0042 




Fe2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
 Iron Leaching Study Data: Day 0.08  









1   0.79 0.1817 0.0063 0.0063 
2 73%:25%:02% 1.08 0.2484 0.0086 0.0086 
3   1.30 0.2990 0.0104 0.0104 
4   0.87 0.2001 0.0070 0.0070 
5 67%:30%:03% 1.18 0.2714 0.0094 0.0094 
6   1.42 0.3266 0.0114 0.0114 
7   0.79 0.1817 0.0063 0.0063 
8 63%:35%:02% 1.15 0.2645 0.0092 0.0092 
9   1.29 0.2967 0.0103 0.0103 
10   0.80 0.1840 0.0064 0.0064 
11 62%:35%:03% 1.14 0.2622 0.0091 0.0091 
12   1.32 0.3036 0.0106 0.0106 
 Iron Leaching Study Data: Day 0.29 
1   0.91 0.2093 0.0073 0.0136 
2 73%:25%:02% 1.01 0.2323 0.0081 0.0167 
3   1.07 0.2461 0.0086 0.0190 
4   0.80 0.1840 0.0064 0.0134 
5 67%:30%:03% 1.22 0.2806 0.0098 0.0192 
6   1.06 0.2438 0.0085 0.0198 
7   0.75 0.1725 0.0060 0.0123 
8 63%:35%:02% 1.27 0.2921 0.0102 0.0194 
9   0.96 0.2208 0.0077 0.0180 
10   0.65 0.1495 0.0052 0.0116 
11 62%:35%:03% 1.22 0.2806 0.0098 0.0189 
12   1.03 0.2369 0.0082 0.0188 
 Iron Leaching Study Data: Day 1  
1   0.64 0.1472 0.0051 0.0187 
2 73%:25%:02% 1.20 0.2760 0.0096 0.0263 
3   1.09 0.2507 0.0087 0.0277 
4   0.71 0.1633 0.0057 0.0190 
5 67%:30%:03% 1.11 0.2553 0.0089 0.0281 
6   1.08 0.2484 0.0086 0.0285 
7   0.61 0.1403 0.0049 0.0172 
8 63%:35%:02% 1.32 0.3036 0.0106 0.0299 
9   1.23 0.2829 0.0098 0.0278 
10   0.67 0.1541 0.0054 0.0170 
11 62%:35%:03% 1.20 0.2760 0.0096 0.0285 




Fe2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
 Iron Leaching Study Data: Day 2  









1   0.54 0.1242 0.0043 0.0230 
2 73%:25%:02% 1.31 0.3013 0.0105 0.0368 
3   1.20 0.2760 0.0096 0.0373 
4   0.50 0.1150 0.0040 0.0230 
5 67%:30%:03% 1.29 0.2967 0.0103 0.0384 
6   1.19 0.2737 0.0095 0.0380 
7   0.61 0.1403 0.0049 0.0221 
8 63%:35%:02% 1.42 0.3266 0.0114 0.0413 
9   1.25 0.2875 0.0100 0.0378 
10   0.88 0.2024 0.0070 0.0240 
11 62%:35%:03% 1.40 0.3220 0.0112 0.0397 
12   1.17 0.2691 0.0094 0.0375 
 Iron Leaching Study Data: Day 3  
1   0.84 0.1932 0.0067 0.0298 
2 73%:25%:02% 1.17 0.2691 0.0094 0.0462 
3   1.18 0.2714 0.0094 0.0467 
4   0.95 0.2185 0.0076 0.0306 
5 67%:30%:03% 1.25 0.2875 0.0100 0.0484 
6   1.28 0.2944 0.0102 0.0482 
7   0.89 0.2047 0.0071 0.0292 
8 63%:35%:02% 0.75 0.1725 0.0060 0.0473 
9   1.25 0.2875 0.0100 0.0478 
10   0.88 0.2024 0.0070 0.0310 
11 62%:35%:03% 0.00 0.0000 0.0000 0.0397 
12   1.22 0.2806 0.0098 0.0473 
 Iron Leaching Study Data: Day 4  
1   0.78 0.1794 0.0062 0.0360 
2 73%:25%:02% 0.74 0.1702 0.0059 0.0521 
3   1.14 0.2622 0.0091 0.0558 
4   0.77 0.1771 0.0062 0.0368 
5 67%:30%:03% 0.75 0.1725 0.0060 0.0544 
6   1.19 0.2737 0.0095 0.0578 
7   0.74 0.1702 0.0059 0.0351 
8 63%:35%:02% 0.80 0.1840 0.0064 0.0537 
9   1.22 0.2806 0.0098 0.0576 
10   0.70 0.1610 0.0056 0.0366 
11 62%:35%:03% 0.86 0.1978 0.0069 0.0466 




Fe2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
 Iron Leaching Study Data: Day 5  









1   0.76 0.1748 0.0061 0.0421 
2 73%:25%:02% 1.44 0.3312 0.0115 0.0636 
3   1.00 0.2300 0.0080 0.0638 
4   0.88 0.2024 0.0070 0.0438 
5 67%:30%:03% 1.43 0.3289 0.0114 0.0658 
6   1.01 0.2323 0.0081 0.0658 
7   0.92 0.2116 0.0074 0.0425 
8 63%:35%:02% 1.25 0.2875 0.0100 0.0637 
9   0.93 0.2139 0.0074 0.0650 
10   0.96 0.2208 0.0077 0.0443 
11 62%:35%:03% 1.47 0.3381 0.0118 0.0583 
12   0.83 0.1909 0.0066 0.0646 
 Iron Leaching Study Data: Day 8  
1   0.98 0.2254 0.0078 0.0499 
2 73%:25%:02% 1.76 0.4048 0.0141 0.0777 
3   0.98 0.2254 0.0078 0.0717 
4   0.87 0.2001 0.0070 0.0508 
5 67%:30%:03% 1.16 0.2668 0.0093 0.0751 
6   1.00 0.2300 0.0080 0.0738 
7   0.95 0.2185 0.0076 0.0501 
8 63%:35%:02% 1.48 0.3404 0.0118 0.0755 
9   0.85 0.1955 0.0068 0.0718 
10   0.91 0.2093 0.0073 0.0516 
11 62%:35%:03% 1.36 0.3128 0.0109 0.0692 
12   0.81 0.1863 0.0065 0.0710 
 Iron Leaching Study Data: Day 11  
1   0.85 0.1955 0.0068 0.0567 
2 73%:25%:02% 1.42 0.3266 0.0114 0.0890 
3   1.19 0.2737 0.0095 0.0812 
4   0.85 0.1955 0.0068 0.0576 
5 67%:30%:03% 1.35 0.3105 0.0108 0.0859 
6   1.18 0.2714 0.0094 0.0833 
7   0.89 0.2047 0.0071 0.0572 
8 63%:35%:02% 1.31 0.3013 0.0105 0.0860 
9   1.27 0.2921 0.0102 0.0820 
10   0.85 0.1955 0.0068 0.0584 
11 62%:35%:03% 0.88 0.2024 0.0070 0.0762 




Fe2+ Measurements on the BEST FOUR PG Composite Compositions: 
 
 Iron Leaching Study Data: Day 14  









1   0.85 0.1955 0.0068 0.0635 
2 73%:25%:02% 0.92 0.2116 0.0074 0.0964 
3   1.26 0.2898 0.0101 0.0913 
4   0.90 0.2070 0.0072 0.0648 
5 67%:30%:03% 0.81 0.1863 0.0065 0.0924 
6   1.18 0.2714 0.0094 0.0927 
7   1.15 0.2645 0.0092 0.0664 
8 63%:35%:02% 0.88 0.2024 0.0070 0.0930 
9   1.09 0.2507 0.0087 0.0907 
10   0.94 0.2162 0.0075 0.0659 
11 62%:35%:03% 0.91 0.2093 0.0073 0.0835 
12   1.10 0.2530 0.0088 0.0904 
 Iron Leaching Study Data: Day 21  
1   0.82 0.1886 0.0066 0.0701 
2 73%:25%:02% 0.84 0.1932 0.0067 0.1031 
3   1.38 0.3174 0.0110 0.1023 
4   0.80 0.1840 0.0064 0.0712 
5 67%:30%:03% 1.10 0.2530 0.0088 0.1012 
6   1.55 0.3565 0.0124 0.1051 
7   0.90 0.2070 0.0072 0.0736 
8 63%:35%:02% 1.05 0.2415 0.0084 0.1014 
9   1.54 0.3542 0.0123 0.1030 
10   1.00 0.2300 0.0080 0.0739 
11 62%:35%:03% 1.21 0.2783 0.0097 0.0932 
12   1.44 0.3312 0.0115 0.1019 
 Iron Leaching Study Data: Day 28  
1   1.12 0.2576 0.0090 0.0790 
2 73%:25%:02% 1.21 0.2783 0.0097 0.1128 
3   1.54 0.3542 0.0123 0.1146 
4   1.12 0.2576 0.0090 0.0802 
5 67%:30%:03% 1.09 0.2507 0.0087 0.1099 
6   1.47 0.3381 0.0118 0.1169 
7   0.64 0.1472 0.0051 0.0787 
8 63%:35%:02% 1.14 0.2622 0.0091 0.1106 
9   1.34 0.3082 0.0107 0.1138 
10   0.88 0.2024 0.0070 0.0810 
11 62%:35%:03% 1.14 0.2622 0.0091 0.1023 




Comparison: Effective Metal Diffusion Coefficients for THE BEST FOUR PG 
Composite Combinations Calculated using Experimental Co values: 
 
 Copper Effective Diffusion Coefficients (Using Experimental Co) 
PG Composite 
K1 
(Co - C1) 
mg·cm-2 
K2(Co - C1)  
mg·cm-2·d-0.5 












73%:25%:02% 0 0.00322 0.00 0.043 1.88E-04 0.0752 0.0000 5.14E-12 
67%:30%:03% 0 0.00335 0.00 0.034 1.77E-04 0.0990 0.0000 8.92E-12 
62%:35%:03% 0 0.00434 -0.000192 0.047 1.76E-04 0.0927 -0.0041 7.81E-12 
63%:35%:02% 0 0.00434 0.00 0.060 2.14E-04 0.0726 0.0000 4.79E-12 
 
 Chromium Effective Diffusion Coefficients (Using Experimental Co) 
PG Composite 
K1 
(Co - C1) 
mg·cm-2 
K2(Co - C1)  
mg·cm-2·d-0.5 












73%:25%:02% 0 0.00162 -5.20E-05 0.052 7.33E-05 0.0312 -0.0010 8.85E-13 
67%:30%:03% 0 0.00150 -4.40E-05 0.047 6.92E-05 0.0320 -0.0009 9.29E-13 
62%:35%:03% 0 0.00145 -5.52E-05 0.045 6.25E-05 0.0323 -0.0012 9.47E-13 
63%:35%:02% 0 0.00192 -9.21E-05 0.060 7.81E-05 0.0320 -0.0015 9.33E-13 
 
 Zinc Effective Diffusion Coefficients (Using Experimental Co) 
PG Composite 
K1 
(Co - C1) 
mg·cm-2 
K2(Co - C1)  
mg·cm-2·d-0.5 












73%:25%:02% 0 0.0009609 -2.34E-05 0.151 4.50E-05 0.0064 -0.0002 3.68E-14 
67%:30%:03% 0 0.0010200 -4.38E-05 0.159 4.33E-05 0.0064 -0.0003 3.74E-14 
62%:35%:03% 0 0.0010200 -3.71E-05 0.108 4.33E-05 0.0094 -0.0003 8.12E-14 
63%:35%:02% 0 0.0011300 -4.74E-05 0.168 4.75E-05 0.0067 -0.0003 4.12E-14 
 
 Iron Effective Diffusion Coefficients (Using Experimental Co) 
PG Composite 
K1 
(Co - C1) 
mg·cm-2 
K2(Co - C1)  
mg·cm-2·d-0.5 












73%:25%:02% 0 0.02756 -1.55E-03 27.155 1.06E-03 0.001015 -0.000057 9.37E-16 
67%:30%:03% 0 0.02840 -1.72E-03 27.559 1.07E-03 0.001031 -0.000062 9.66E-16 
62%:35%:03% 0 0.02718 -1.64E-03 26.339 1.02E-03 0.001032 -0.000062 9.68E-16 
63%:35%:02% 0 0.02801 -1.67E-03 29.206 1.05E-03 0.000959 -0.000057 8.36E-16 
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Appendix M: Comparison of Ionic Product of the Magnesium Compounds  
                        With the Respective Solubility Products 
 




Calculation of the Ion Productivity of Magnesium Sulfate: 
 
Best Four PG Compositions                                                             28-Day Dynamic Leaching Study 
ID 















Ion Productivity for 
{MgSO4} 
1A  1900.4529 0.0198 475.6211 0.0196 1.67E-05 
1B 73%:25%:02% 1887.5328 0.0196 453.5891 0.0187 1.58E-05 
1C  1827.7353 0.0190 440.7990 0.0181 1.49E-05 
2A  1843.6230 0.0192 469.6201 0.0193 1.60E-05 
2B 67%:30%:03% 1846.3414 0.0192 443.6669 0.0183 1.52E-05 
2C  1787.8920 0.0186 448.8368 0.0185 1.48E-05 
3A  1821.8306 0.0190 476.1163 0.0196 1.60E-05 
3B 62%:35%:03% 1796.0579 0.0187 457.8834 0.0188 1.52E-05 
3C  1773.3118 0.0185 459.9456 0.0189 1.51E-05 
4A  1949.7531 0.0203 486.1145 0.0200 1.75E-05 
4B 63%:35%:02% 1926.6773 0.0201 410.8952 0.0169 1.46E-05 
4C  1870.9180 0.0195 447.1627 0.0184 1.55E-05 
5A  2147.1135 0.0223 470.9762 0.0194 1.87E-05 
5B 63%:35%:02% 2155.7894 0.0224 446.0430 0.0184 1.78E-05 
5C  2168.7016 0.0226 451.7995 0.0186 1.81E-05 
6A  2046.4134 0.0213 473.8061 0.0195 1.79E-05 
6B 63%:35%:02% 2007.7580 0.0209 460.0816 0.0189 1.71E-05 
6C  2034.8201 0.0212 464.5098 0.0191 1.75E-05 
7A  2142.3158 0.0223 470.9047 0.0194 1.87E-05 
7B 63%:35%:02% 2166.4149 0.0226 461.4579 0.0190 1.85E-05 
7C  2143.4913 0.0223 468.6868 0.0193 1.86E-05 
Sulfate Activity Coefficient = 0.12 (after Garrels and Thompson, 1962; Stumm and Morgan, 1996) 
Magnesium Activity Coefficient = 0.36 (after Garrels and Thompson, 1962; Stumm and Morgan, 1996) 



















Calculation of the Ion Productivity of Magnesium Hydroxide: 
 
Best Four PG Compositions                                                             28-Day Dynamic Leaching Study 
ID 






Mean pH Activity[OH-] (Activity[OH-])2






























1.92E-02 8.32 2.07E-06 4.29E-12 6.58E-14 
Magnesium Activity Coefficient = 0.36 (after Garrels and Thompson, 1962; Stumm and Morgan, 1996) 




















Calculation of the Ion Productivity of Magnesium Carbonate: 
 
Best Four PG Compositions                                                         28-Day Dynamic Leaching Study
ID 
PG:Class C Fly 





























2.04E-02 98.50 9.85E-04 1.46E-06 
Magnesium Activity Coefficient = 0.36 (after Garrels and Thompson, 1962; Stumm and Morgan, 
1996) 
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